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PREFACE TO THE FIRST EDITION 

• In th^development of chemical science during the preceding hundred 
years, t^e steady progress in importance* which catalytic oi>eration8 
have achieved is distinctly remarkable. Their importance emerges 
alike in the purely theoretical and in the technical aspects of the 
subject. In the natural order, also, investigation has shown how pre- 
dominating a part the catalytic j)henomenon plays. From the strictly 
utilitarian point of view’, Industry w’as not slow to appreciate the 
advantages to be derived from the employment of agencies wdiich 
should facilitate and “ speed-up ” manufacturing processes, nor was 
there lacking a body of scientilic workers who steadily supplied the 
investigative and theoretical bases ujuin which such applications could 
be reared. As the scientific viewjioint developed, the iihysiologist and 
biologist rapidly associated tin* simpler chemical jihenomena with the 
more complex proce8.ses ojierating in living mattiT. To-day, therefore, 
catalysis intrudes prcrminently into all branches of natural science, 
both pure and applied. 

The need for an exposition of th(* fundamental principles involved 
in this particular field of g<‘n(*ral chemi.stry and of the applicability 
such principles in modern life has been widely felt and has offered to 
the authors the necessary induccunent to prepare the present volume. 
An excellent chapter in Mellor’s Chrmteal Sfahes and Dyiuimics has 
formed, hitherto, the sole treatment in English of the theoretical 
aspects of the problem. From time to time various papers have 
catalogued the more important practical ajijilications of catalysis. 
The monograph of Sabatier, La Caialyee en chimte crganiqtie, deals 
more particularly with the applications to preparative organic cheOi* 
istry, with slight reference to the physico-chemical theories involved, 
Dr. Gertrud Woker has compiled a detailed survey of the theoretical 
aspects of catalysis and of their application to the problems of analytiOal ^ 
procedure, i^ Margosches’s Sammlung, entitled, “ Die chemischo 
Analyse”, vols. xi., xxi,, and xxiii. The volume entitled Vnt»- 
vli 
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guchmgen im OeUde der Kinetik der chemiscken ’ ItecK^dnen und 
Katalyse, by the RasBian, Orloff, and La CcUalim Quimica, hy P. E. 
Vittona, are supplementary to the above volumes. ' Prom all these 
sources, to which we wish to acknowledge our indebtedness, we have 
freely drawn in an effort to obtain a systematic and comprehensive 
treatment of the whole subject 

For personal assistance in the compilation of the work we wish 
to express our thanks to Professor F. G Donnan, F R.8 , for advice 
and for stindulating and continuous encouragementi, and to Professor 
W, M. Bayliss, F R S , for a kindly criticism of the chapter dealing 
with Ferments and Enzyme Action. 

The diagrams have been drawn by our laboratory assistant, 
Mr. A. Hiscocks, to whom ^e express our acknowledgments and 
thanks' 

With a subject the literature of which is already so considerable 
and is increasing so rapidly and continuously, it is not possible to give 
an exhaustive summary of the scientific and technical references The 
aim, rather, has been to embody in the text the mam hnes of develop- 
ment, choosing from the available examples suitable data for the 
purposes of illustration It is hoped that such an object has been 
achieved Criticism or additional information relative to the subjects 
treated will be welcomed 

The subject matter of the volume deals with the influence of 
catalysts in the reactivities of atoms and molecules among themselves. 
In the future, the problems of chemistry will centre more and more 
around the intra-atomic reactions and atomic structure Already, 
the evidence is available that the atoms undergo processes of radio- 
active disintegration at defimte but, thus far, unalterable speeds. 
Will the catalytic agencies be found which shall accelerate the 
velocity of atomic decay and render available the enormous stores 
of intra-atomic energy? Such is a fitting problem for the years 
that lie ahead. 


London, November II, 1018. 



PREFACE TO THE SECOND EDITION 


^ROORfl^ in catalytic studies since the first edition of this volume 
has neceifeitated a complete revision of the text, and the addition of 
'several new chapters. 

r Advances are recorded in both the theoretical and practical field.- 
The concept of “ active ” molecules first po.stulated by Arrhenius is 
beginning to assume at least the shadow of an objective reality, and 
the processes of activation explored by th(‘ physicist are being earnestly 
sought for in chemical reactions. In contact catalysis, experimental 
investigations have yielded a definite concept of the solid catalytio 
agent, its properties and behaviour, all of which could only be surmised 
some years ago. In the domain of theoretical homogeneous catalysis, 
very definite progress in correlating the data of catalysis with the 
thermodynamic properties of solutions can be recorded, and a com- 
mencement has been made in the incpiiry as to the conditions of 
stability of associated complexes and their electronic structure. 

In the applied science, the record of a new, high-pressure, catalytic 
industrial process, the synthesis of methyl alcohol and motor fuels 
from water gas, will serve to show what further potentialities are 
' latent in the field. 

The character of the volume remains the same. No attempt is 
made to make of it an extensive bibliography of catalytic literature, 
The rapidity with which the science is growing practically makes that 
an imp<M»ibility. It aims to present a critical survey of the catalytic 
field from the standpoint of the theory of the subject. It is the beUef 
of the authors that any extension of our theoretical knowledge wifi 
(^tiBe the practical application to be more readily achieved. 

We welcome the appearance of a second edition of Sabatier^^ 
lfi(^ttiaeiital work, La Cataiyie en chimie organupie, both in ai| 
o^fial French and an amplified English translation. It fonjiS'^ 

: compfement, we believe, to the present volnine, which, 

ho^^wjll value also to the organic chemist, stressing as it 
ix 
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* . - * 

the theoretical aspects of the practical preparative data of Sabatier 

We also acknowledge our indebtedness to the Reports of the Committee 
on Contact Catalysis of the National Research Council, U 8 A., which 
have materially lessened our labours by their frequent surveys of 
problems with which we are here intimately concerned 

We hope that, in t^e revised form, the book will receive as kindly 
a welcome as met our initial effort We wish here to acknowledge 
our indebtedness to many kind friends for suggestive criticisms and 
advice as to the content of this work. It is our hope that the volume 
may be a further incentive to research and development iiua very* 
fruitful field ^ 

Losdon, December 192.') 
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CHAPTER 1 



EARLY HISTORY 

The conscious development of catalysis in chemical science dates 
from the co-ordination by Rorzclius, in 18.‘t5, of a number of isolated 
observations made by various investigators in the early decades of 
the nineteenth century. Berzelius for many years contributed annually 
to the Swedi.sh Academy of Sci«*nceH a report on the progress of the 
physical sciences during the preceding year. The communication of 
March 1835, subsequently publislicd us the Jahrpaherichk fiir Chemie, 
1836, contained, inter alia, a discussion of the r<'scarchc8 of Mitscherlioh * 
on the role of sulphuric acid in the prejiaration of ether from alcohol. 
It was shown by Berzelius that the re.sults of this investigation possessed 
^ features common to several investigations of the most diverse character. 

The argument as dev<*lopcd by Berzelius may be briefly summarised.* 
“ Up to 18(X). it was rec«igni.sed that, be.side.s the normal tendency of 
Indies to combine, lieat and in some cases light could also act in the 
process of combination. Later, the influence of electricity was re- 
cognised, but it was soon s<M‘n that eliemical and electrical aflinitles 
W'cro the same thing, and that Iw'at and light had no other action than 
to augment and dimini.sh these aflinities.’’ A new type of force was 
involved, how^ever, according to Berzelius, in a number of reactions. 
Thus Kirchhof had showui ^ that in the conversiem of starch to sugar 
by means of dilute acids, tin? acid eflectiiig the change remained un- 
altered. Th^nard discovered hydrogen jKToxide and showed that in 
presence of acids the substance was stable. With alkali, however, 
decomposition set in with evolution of oxygen, which was also facilitated 
by the presence of substances such as manganese, silver, platinu% 
gold, and fibrin,* Edmund Davy^ demonstrated that, with finely 
tlivided platinum soaked in spirit of wine, ethyl alcohol was oxidised to 
acetic acid. In 1822 Ddbcreiner * showed that spongy platinum in th< 
cold induced the spontaneous combustion of hydrogen and oxygen, 

‘ Pon. Ann,, )6|l. *1, 273. 

* 18. 23t: Ann. Chim. Phy$., 1838 (iu/,. 81. 148. 

• BdMoyytpt Jomm., 1812, 4, 108, * Atm. Chink Pkyt., 1818, 8, 814. 

. ♦ fMHUL, 1820, 180, 108. • Jtmnk, 1882, M, 81 1 1I2J, ft, ffL 
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and this observation was followed by the discovery of Dulo^ and 
Th^itard^ that gold, silver, and even glass p^ossessed tte same property 
if the temperature of these agencies was suffifaently raised: Finally, 
cites Berzelius, the researches of Mitscherlioh show that the ponversion 
of alcohol to ether was not dependent on the affinity of sulphuric acid 
for water, since by a proper adjustment of conditions the addition of 
' alcohol to sulphuric acid resulted m the evolution of ether and water, 
the sulphuric acid therefore being analogous to the alkali of Thenard m ' 
the decomposition of hydrogen peroxide. 

Berzehus therefore concludes • “ It is then proved that spyeral 
simple and compound bodies, soluble and insoluble, have the property* 
of exercising on other bodies an action very different from ^ihemical 
affinity By means of this action they produce, in these bodies, 
decompositions of their elements and different recombinations of these 
same elements to which they themselves remain indifferent 

“ This new force, which was hitherto unknown, is common to 
' organic and inorganic nature I do not believe that it is a force quite 
independent of the electro-chemical affinities of matter ; I believe, on 
the contrary, that' it is only a new manifestation of the same ; but, 
since we cannot see their connection and mutual dependence, it will 
be more convenient to designate the force by a separate name I will 
therefore call this force the, calalytw fme, and I will call catalysis the 
decomposition of bodies by this force m the same way that one calls 
by the name analysis the decomposition of liodies by chemical affinity ” 
The illustrations of catalysis cited by Berzelius in the memoir 
just quoted represented by no means an exhaustive list of the catalytic 
operations which had up to that time been used and studied Obviously, 
many of the primitive arts involved uneoiisciously the application of 
Berzelius’s “ catalytic force ” The production of wine, for example, 
by fermentation processes dates back to the ancients, though neither 
sugar nor alcohol appears to have been known, as such, to Phny, 
Berthelot tracing back the rectification of alcohol from wine no further 
than the eighth century ^ The production of acetic acid by fermenta- 
tion of wme gave the ancients their earliest acid solvent The manu- 
facture of soap by the action of alkalis on fats also dates back to 
J^ncient times. Phny® refers to “ Sapo, Gallorum hoc mventum”, 
and .mitkes it probable that the Romans received from Gaul and 
Germany a product prepared from animal fat and the aqueous extract 
cl Ashes. Ether, which has been attributed to the Arabians, wias ^ 
OWiftinly well known m the Middle Ages, being produced by the action 
'oil sulphuric acid on alcohol. The first exact knowledge of its prepar^ 
we owe to Valerius Cordus in the sixteenth century. The mineral 
Acids Were not known until the alchemical era, but the preparation Of 
.eulpburio acid by setting fire to sulphur admixed with.saltpetre ia the 

^ ?*>«., mS(ii),aJ,440;Z4,380. 

' V 1852 M, 433. * Z/irt. ^1,' 12. . , 
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^akhenijp!^ ori^^tion ol the catalytic lead oliaint>eir !#> , 

phtm<^ add mandlactttre. The identity of the aulphurio acid ohwin^ 
by the^ different methods of preparation irom alum, from vitriol/ and , 
from sulphur and nitre was established by Libavius in the Htro* 
chemipal era, to whom is also to be attribute ^e 6rst use of the lerm 
‘‘catalysis” in a chemical treatise. In the table of contents Qf hil 
treatise on Alchymia is to bo found a section devoted to " Oatalypis 
but, according to Goldschmidt, ‘ examination of the treatise itself, 
fails to reveal anything corresponding with that implied in our modem 
use of the term. One cannot entirely dissociate thp alchemist’s Search 
tor the philosopher’s stone” from the modern search for suitablp 
catalysts. George Hippie likened the stone to a ferment. The records 
of the efficacy of the philosopher’s stone in the literature of aleheiny 
suggest, moreover, the poisoning of catalysts with wliioh, later, this 
volume will be largely concerned. Thus, Roger Bacon ascribes to thO ’ 
stone the power to transform a million times its weight of base metal^ 
into gold. The more audacious Raymond Lully cites the trausfoffOia* / 
tion of ten billion times its weight of base metal. But, with the decay 
of alchemy, the claims become more modest, or the poisoning effect 
becomes th<5 more i)ronoimced, for John Pric. , the last alchemist ant) 
gold-maker of the eighteenth century, is but able to ohrbmole an 
efficacy of thirty tirnes and one of sixty times the weight of the stone, 

Of researches prior to an<l in th(' early decades of the uinoteeutb 
century concerrH^l with the operation of a ratal 3 rtic agent and not 
included in the co-ordination of Berzelius, particular mention might 
be made of the following. Mrs. Fulhame ® de.alt with the influence 
water on chemical reaction, more (‘specially in the reduction of metallic 
oxides and in the oxidation of carbon monoxide, and clearly demon*' 
strated the necessity for the pre.scnce of water, at least in tfaces, 
the production of reaction. The researches of Ddbereincr on the 
combustion of hydrogen and oxygen were preceded by the obserVati<^ 
of Sir Humphry Davy ^ on the (*apacity of platinum wires .or fail 
heated to below redness to promote the combination of oxygen with, 
coal-gas, cyanogen, hydrogen cyanide, alcohol, other, or naphtliA,^ 
Erman * showed that platinum at a temperature of 50° was sufeoieiRi', 
to ignite a mixture of hydrogen and oxygen, Ddbereiner’s work A' 
the action of cold platinum introduced into the gaSes w 
followed by that of Turner ® on the action of platinum in promotiaf| 
rthe ^combination of' hydrogen with oii|orine and other gas^, and 
ffljsuccSssful attempts to cause preferential combustion. ’ 

Impurities such as hydrogen sulphide, ammonia, carbon di8ulp|h3|»l 
^bylene, and ammonium sulphide were shown ^ inhibit the ac^vij^l 
0^ platinum. ” It was this inctficieney of the platinum s^ngU <>n 

1903, 9, 736. ^ 4a Mmf on ConAntthn, Londotf, 

; i 2>m, 1817. 97. 4«. * 46^ AM. WM BtHin, 

/ ^ » Wa. m J, iiH, II, 99. la 
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compounds of charcoal and hydrogen in mixture with oxyge®, while* 
it reacts so remarkably with common hydrogen, and also, though 
slowly, on carbonic oxide ”, that suggested to Henry ^ “ the possibihty 
of solving by its means some interesting problems in gaseous analysis. 

I hoped more especially to be able to separate from each other the 
gases constituting certain mixtures, to the compositions of which 
approximations had hitherto been made, by comparing the phenomena 
and results of their combustion with those which ought to ensue, 
supposing such mixtures to consist of certain hypothetical proportions 
of known gases ” And the conclusion is drawn that, “ When the 
action of tile platinum sponge was moderate, only the hydrageii and , 
carbomc oxide were consumed, or at most the olefiant gas was but 
partially acted upon From the facts which have been stated, it 
appears that when the compound combustible gases, mixed with each 
other, with hydrogen, and with oxygen, arc ex[)()sed to the platinum 
balls or sponge, the several gases are not acted upon with equal facility , 
but that carbomc oxide is most disjjosed to mute with oxygen , then 
olefiant gas, and, lastly, carburettod hydrogen By due regulation 
of the proportion of hydrogen it is possible to change the whole of the 
carbonic oxide into carbonic acid without acting on the olefiant gas 
or carburetted hydrogen At a temperature of 170° it was further 
shown by Henry that “ when carbonic oxide and hydrogen gases m 
equal volumes, mixed with oxygen suificient to saturate only one of 
them, were placed in contact wntli the sponge, from the quantity of 
carbonic acid remaining at the close of the experiment it appeared 
that four-fifths of the oxygen had united with the carbonic oxide and 
only one-fifth with the hydrogen ”, a remarkable result, wluch was 
also obtained when excess was us(‘d This extraordinary research 
represents in many respects a study of catalytic action of the most 
fundamental importance even at the present day 

The genesis of the modi'rn contact process of sulphuric acid manu- 
facture dates also from the period prior to the Berzehan definition of 
catalysis. Phillips, a Bristol manufacturer of vinegar, patented ^ the 
use of platinum, whether of wire or sponge, for the oxidation of sulphur 
dioxide by means of air The process was employed at Lille by 
^uhlmann in 1883, but was abandoned owing to loss of catalytic 
activity by the platinum, an inhibiting factor which was not satis- 
factorily overcome in technical practice until the dawn of the present 
cenluiy 

It 18 to Faraday^ that we owe a detailed inquiry into the power 
of metals and other solids to induce the combination of gaseous bodies ” 
Wd into “some very extraordinary interferences with this pheno- 
menon. The researches were initiated m the course of experiments 

1 m Mat: 1828, M. 269. * B.P 6069/1^1 

* Stpermmtal Xurnrein m SUelncilv, 1849, 1, 166, 6th imjcs, No*. 564-669 , “ETetym*!!’* 
Ubnry ”, N.o. 676, pp. 84-111 . m. Trans , 1834, Ilf 65. 
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to rendor efficient the hydrogen-oxygen voltameter, in which Faraday 
“was occasionally surprised at oWrving a deficiency of the gases 
resulting from the decompositions of water, and at last an actual 
disappearance of portions which had been evolved, collected, and 
measured. ... It was found that this effect w%3 not due to the escape 
or solution of the, gas, nor to recombination of the oxygen or hydrogen 
in consequence of any peculiar condition they might be supposed to 
possess under the circumstances ; but to be occasioned by the action 
of one or both of the (j)latina) poles within the tube upon the gas 
ground them.” It was cstablislied that the positive platina plate was 
more aelj^’e than the negative, and that with tin* former, in addition 
to its rapid action on oxygen and hydrogen, a feebler action was exerted 
by it on mixtures of nitrous oxide and hydrogen. According to 
Faraday, niixturc.s of olefiant gas or carbonic oxide with oxygen, or of 
equal volumes of liydrogeii and chlorine, w(*re not affeck’d by the 
priqiared platina plate. 

“ Reverting to the action of the prepared plates on mixtures of 
hydrogen and oxygt'n. 1 found that the pow('r, though gradually 
diminishing in all case.s, could still be retained for a jieriod varying 
in its length with circumstances. . . . The continuance of the action 
greatly depended upon the purity of the gases U8<*d. . . . The act of 
combination alway.s seemed to diminish, or apparently exhaust, the 
power of the jdatina plate.” 

As a result of his imiuiries Faraday eoncludes that it may be 
observed of thi.s action, that, witli regard to platina, it cannot be dtte 
to any peculiar, teiiiporary eomlition, either of an electric* or any 
' other nature : the activity of plates remlered either positive or negative 
by the pole, or cleaned with such different substances as acids, alkalis, 
or water ; charcoal, emery, ashes, or gla.ss ; or merely heated, is 
suflieient to negative such an opinion Neither does it depend upon 
the spongy and jiorous. or upon flu*, compact and burnished, or upon 
the massive or attenuated state of the metal, for in any of these states 
it may be rendered effective or its action taken away. The only 
, essential condition appears to be a perfectly cleAin and mdaUio 
for whenever that is present the ])latma acts, whatever its form and 
condition in other respects may be ; and though variations in tha 
latter points will very much affect the rapidity, and therefore the 
visible appearances and secondary effects of the action, i,e. the 
ignition of the metal and the inflammation of the gases, they, a^en 
in their most favourable state, cannot produce any effect unless the 
condition of a clean, pure, metallic surface be also fulfilled. 

" All the phenomena connected with this subject press upon my 
mind the conviction that the effects in question are entirely incidental 
and of a secondary nature ; that they are dependent upon the n0iral* 
eonditioM of gaseous elasticity combined with the exertion of thal 
attractive force possessed by many bodies, especially those wMohlfe 
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; splid,‘ in an eri^ept degree, and'probaljdf beloagm|'to all ; by whicK 
;tbey are, drawn into association, more or less clpse, without, at the 
flame time undergoing, chemical combination though often assuming 
' the condition of adhesion ; and which occasionally leads, under very 
favourable circumstanfes, as in the present mslance, to the combina- 
tion of bodies simultaneously subjected to this attraction. I am myself, 
prepared to admit (and probably many, others are of the same opimon), 
both with respect to the attraction of aggregation and of cneraical 
, affinity, that the sphere of action of particles extends beyond those ’ 
nther particles with which they are immediately and evidently in 
Union, and in many cases produces effects rising into considerable ' 

, importance , and I think that this kmd of attraction is a determining 
.feause of Dobereiner’s effect, and of the many others of a similar 
nature.” 

It will he evident, therefore, that Faraday, m 1833, and prior to 
the co-ordination by Berzelius of the .several examples of catalytic 
^ctiou, had clearly expressed a thi'ory as to the mechanism whereby 
' such action should occur The theory, it will be observed, confirms 
the viewpoint expressed by Berzelius in his later publication, that the 
catalytic force is not independent of the affinities of matter but only 
a jiew manifestation of the same. 

The retardation caused by admixture of foreign gases on the 
COmbinatKjrn of hydrogen and oxygen was also studied by Faraday, 
Whp found that “ the order in which carbonic acid and these substances 
seemed to stand was as follows, the first inti'rfenng least with the 
action : nitrous oxide, hydrogen, carbonic acid, nitrogen, and oxygen ”, 
These did not prevent the action of the plates, " nor was the retardation**^'^ 
flo great jn any case as, might have been expected from tlie mere 
dilution of the oxygen and hydrogen ” Faraday found that ethylene 
decreased the action of jilatiniim more than did carbon monoxide , ' 
but this result was not confirmed by Henry ^ , Bancroft thinks this 
probably due to some impurity in Faraday's ethylene. The 
; retaWation by carbon monoxide, however, is well confirmed by both 
'Ibvefltigators. * 

: pf the explanation of retardation, Faraday writes . “ The theory 
',‘bf act|pn which I have given for the original phenomena appears to 
lUei'^uite sufficient to account for all the effects by reference to known 
,J^pertieS, and dispenses with tlie assumption of any new power of 
' I have pursued this subject at some length, as one of great 
.^^fllii^uen^ because I am convinced that the superficial actions of 
whether between, two bodies, or of one piece of the same body, 
actions of particles not directly or strongly in combmatiofi^ 

' bl^^nung daily more and more important to our theories of oheipioal ^ 
fki W^j^as mechanioal philosophy. In all ordinary cases of ccmbuatibli 
' ^ if ^yidertt that an action of the kind considered, ooourting 

‘ 529. ’ i $kek, 
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the of the cArhon^m the j&ce^ fitidekt it| hnghi ^ thf 
lUme, mjjiet, have great in^uence over the combiaafto thei^ 

'Vplaee*’^ ’ , ' * • , ^ ■ '''\ ' / 

The student of catalysis no 1^ than, for other reaatonSi ih^ stnctant 
hf electro-chemistry is deeply indebted to jparaday fpif this airly * 
orientation int<^ the mechanism of catalytic action. ' I 

The isolation by Payen aq^d Persoz ‘ of the enzyme diastase from^ 
the extract of barley malt was succeede<l by the discovery of emhlsih* 
im bitter almonds by Liebig, and the formulation of a theory of ifii ^ 
^mode of action, which, however, in view of the preceding review of , 
Faraday’s work, is wrongly stated by Ostwald ® to be the first theory 
of catalpic action. ^ 

In propounding a theory of catalytic action Liebig was animated, 
with the purpose of demonstrating that the Berzolian concept of a 
special catalytic force was superfluous. As originally oxprested, tlte ^ 
cause of catalytic action lay in the facility possessed by a body itt‘ 
decomposition or combination of communicating to another body' in " 
contact with it the same chemical activity or the same powers of 
combination which tlie body itself possessed. In illustration of this? 
property, Liebig cited tlio combustion of a body by bringing it into 
contact with a body which is itself undergoing combustion, and, illt\ 
further illustration, the solubility of platinum when alloyed with 
silver in acids in which normally the platinum alone remains insplttble,’ 
The illustrations chosen by Liebitr can scarcely be described W 
happy, since, as Berzelius very readily pointed out,** numerous rriwateho«| 
had already shown that a burning body was not necessary for thw 
production of combustion. Kven cold platinum sponge was sufficient, 
to bring about the ignition and aho e.xplosivc combustion of hydiMap; 
and oxygen. On the other hand, the solubility of platinum wj^ 
alloyed with silver was not to ))e explained on Liebig’s assumj^iotli, 
since, as Berzelius emphasised, solution of platinum was not 01^0^4,' 
when present in alloys with iron, copper, zinc, or mercury. h vv * 
Liebig was therefore constrained to modify his theory of eataljW: 
action, hlid did so in reference to the j>robIera of sugar fermentarioA* v 
The hypothesis became one of “ molecular vibrations communidabt^ 
by contact, to another body, thus setting up in the atoms of the seooo#. 
system similar motions leading to reactions or decomposition^ 
tne particular case of sugar fermentation, this wonld involv6^ 
the decomposing yeast-cells, in the process of decompositimti 
instahility in the molecules of sug(ar which thereby suffer 
decomposition to alcohol and carbon dioxide. < 

^ * The disadvantage of the Liebig theory lies in its unaasaCtftlriSi^l 
>»nce no. possible test of the theory can readily be devised, it' tef 
P, ^ , . , ' ' 

^ lS33{ii),Slr 78. , ' 
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comprehensive, and as snoh has earned considerable popniarity, ojring to 
its applicability to numbers of imperfectly understood reactions ; but,, 
as Ostwald pointed out, ^ it is of but bttle use as an auxiliary to scientific 
research, for the direction and suggestion of new lines of investigation. 
The theory called for^ the following caution from Berzchus : In 
science, one always loses by plausible explanations . pubbshed pre- 
maturely ; the only correct method of attaining certain knowledge 
is to be found in leaving the incomprehensible until the explanation 
sooner or later is given by facts which are so clear that divided opinion 
upon the matter can scarcely arise. The procedure thus recommended, 
by Berzelius was faithfully exemplified in the researches of S^onbein, 
to whom is due many of the facts of the problem of catalysis which 
we at present know, but who partook to no extent m the theoretical 
discussions as to cause 

The action of oxides of hitrogen in the lead chamber process 
possesses considerable historical interest m regard to catalysis, since 
the explanation originally put forward by Clement and Desormes^ 
involving a series of cyclic reactions, the alternate formation and 
decomposition of “ chamber crystals ', may be regarded as the first 
attempt to explain a catalytic jirocess by what has come to be termed 
the intermediate compound theory In all the early discussions of 
the nature of catalytic processes this case was apparently overlooked 
The corresponding explanation of the etherification process by William- 
son in 1854,^ involving the inlermediate formation and subsequent 
'decomposition of ethyl sulpliunc acid, established the concept of 
intermediate compound formation and led «‘veiitually to its extended 
application to the theoretical interpretation of catalytic processes m * 
which the stoichiometric relationshqis were not so definitely established. 

In the development of a subject so intimately concerned as is 
catalysis with the conception of velocity of reaction the researches of 
Wilhelmy,* entitled “ On the Law according to wliioli the Action of 
Acids on Cane-sugar Occurs call for special reference The import- 
aiice of the researches lies m the fact that they wi'rc the first successful 
attempts to study the operation of the time factor m chemical reaction 
Wilhelmy showed with reference to the liydrolysis of cane-sugar that 
the rate of injrersion was at any moment proportional to the amount 
of Ctiiue-sugar undergoing tTunsfonnation, m strict agreement with the 
mathematical equations which he developed from general considera- 
tions. The research, moreover, is the first successful attempt to 
establish the law of mass action in h quantitative manner, Wilhelmy 
jurther. studied the influence of temperature and concentration of 
icid in reference to reaction velocity, without, however, coming to 
janyi importknt conclusions At the close of his research Wilhelmy 
remarks : “ I must leave it to the chemists to decide, vAether and how 

‘ £bft dm., 1800, 6«. 320 
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ht the (prmujb obtained are applicable to other chemical processes; 
in any case, all those processes to which one ascribes the operation ot 
a catalytic force seem to me to belong to this class.*’ As Ostwald 
has |)ointed out, the research was overlooked by numerous later in- 
vestigators, and it was not until the attention of men of science had 
been directed to the work by Ostwald ^ that it was recognised that 
Wilhelmy is to be designated the discoverer of the laws of chemical 
reaction velocity, since the formulae which he put forward were sub- 
sequently shown to be applicable to a number of chemical processes. 
The extension of Wilhelmy’s work was undertaken by Lowenthal and 
^ennsen,* who showed that the velocities with which the acids invert 
cane-suga^ is proportional to the strengths of the acids. The influence 
of temperature on reaction velocity was successively studied by 
Berthelot,® by Harcourt and Esson,^ and later still by Warder,*^ Urcch,® 
van 't Hoff, Arrhenius, and many others. 

Ostwald claims to have introdiu'ed the concept of reaction velocity 
as a definite criterion of a catalytic process by his insistence, since 1888, 
on the point of view that the catalyst is to be regarded as accelerator 
(or inhibitor) of a reaction already taking place, in contradistinction 
to the concept that a catalyst can initiate a reaction. In agreement* 
with this idea, the following definition of catalysis was put forward 
by Ostwald : “ Catalysts arc substances which change the velocity of 
a given chemical reaction without modification of the energy factors 
of the reaction.” ’ It is claimed liy Ostwahi for this change, slight 
though it ajipoars, that it has yielded important results in the scientific 
development of the subject, since it has facilitated exact investigation 
'of the magnitude and character of such acceleration. Tlie point of view 
thus put forward does not enjoy univer.sal acceptance, Schfinbein, 
J. J. Thomson, H. E. Armstrong, and Duliein have all indicated 
their opinion that a catalyst may actually initiate a reaction. 

Of the early efforts in the study of catalysis there remain for con- 
sideration those which have reference to the influence of the catalyst 
on reversible processes. As early examples among these may be 
cited the researches of Lcraoine ® on the decomposition of hydnodic 
• acid, as a type of a heterogeneous catalysis, and those of Berthelot * 
on the equilibria attained in esterification processes, as a type of homo-) 
geneous catalysis. 

Lempiue demonstrated that in presence of platinum sponge the 
decomposition limit at 350° was 19 per cent, attained practically 
immediately. On the contrary, operating without a catalyst at tbe 
lame temperature under a pressure of two atmospheres, a limit oi 

» /. pr. Chem, 1884, 29, 385. * Ibid., 1862 (i), BB, 321, 401. 

• C<mpt. rend,, 1804, 59, 610 et aeq. ; Ann. Ckin. Phy$., 1869 (ir.), H, 140. ’ 
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18’^ per ceM dmmpmtion w»s Attained’, oflly jsiftef 

.'int6mhf250.to300 ho^8, ‘ \ , - ' . . 

' , Sertbeht '^tablisbed the same inde]jendeiice of the equilibrium'^ 
•Biate in tbe ejterifica^on of alcohols "by acetic acid^in the absence,' 

. and in presence, of tr^es of mineral acid catalysts such as hydrochloric . 
;Or sulphuric acid. At the ordinary temperature the equilibrium state 
was reached with equivalent initial concentrations of alcohol and acid ' 
■V^hen 66 per cent of the alcohol had been , converted m either case, 
the time required, however, involving years of contact in the absence 
of catalysf as opposed to a few hours in presence of the mineral aci(j.' 
Kn the subsequent theoretical discussion it will emerge that the rolq 
of the catalyst in the question of equilibrium has a very considerable 
significance, and has therefore been the object of numerous investiga- 
tions. The manifold directions which these have assumed necessitate 
Speaal and individual treatment not consonant with an historical 
.survey, and consequently further discussion will not he intruded at 
tbs juncture , 

From 1880 onwards the 8tudie.s of catalytic reactions rapidly 
'i tnultjpliod They were concerned with all the many-sided aspects 
, pt ;the problem On one hand, investigations yielded advance m the 
knowledge of theoretical principles underlying catalytic change. On 
thp other, carefully conducted investigations added to the list of 
'reactions capable of catalytic acceleration, a list which, judging by 
the investigations of Thcnard * on hydrogen peroxide decomposition, 
or by the speculations of Ostwald, might well become comprehensive 
of all chemical reactions Catalytic processes were employed with 
rigpal success lu the studies inaugurated by the thegry of electrolytic 
dissociation of Arrhenius and in the development of modern physical 
chemistry which resulted from that theory and the theory of dilute 
-Solutioiis qf,vau’t Hoff At the same tunc there was developing, 
constantly and consciously, the application of catalysis to industrial 
iontepprise, which has yielded results the imjiortancc of which can be 
adjudged from a consideration of the manufacture of synthetic mdigo, 
(^of Contect sulphuric acid, of synthetic ammonia, or of the modern 
hy^genatiop of fats. 

;i" It is to |ihe many features of all such develojimcnts that attention 
,#y|,”ih the Succeeding chapters, be directed 

' 4nti. Chtm. I’hys, 1818, 9, 314. 



CHAPTER II 


nUTKllIA OF CATALYSIS 

[n the preceding chapter relative to th(^ (*ar]y history of catalysis It 
las been shown that a large number of reactions proceed in 
Dresence of suitable agents, which, following the nomenclature 
Berzelius, are called catalytic agents, the reactions theraselyes beijciff^ 
jpoken of as exainj)les of catalysis. Thus far, however, no oxWI' 
iefinition of catalytic action has been laid down, and little has beeft 
jaid as to criteria of catalysis beyond the definition attributed 1^' 
Dstwald, in which the acceleration <»f a reaction by the presence a 
given substance is regarded as a criterion of catalytic action. In order,' 
therefore, to delimit the field of chemical science with which this stirVey:' 
is concerned, it is necessary to proceed to an examination of the various 
tests which may be applied to a given (hemical operation in ordpit tO) 
ascertain whether, in the process thereof, the jiheiiomenon of-catalysis 
intrudes. The criteria thus laid down it will be advantageous 
illustrate by reference to typical examples and to the research work; 
which has been conducted with a view to verification. 

The fundainental characteristic of all catalysed processes is, 
they Ste reactions wliich, in the thermodynamic sense, are olass^ SS/ 
spontaneously occurring ])ro('esses. That is, they are reactions whiOtt 
occur with diminution of free energy. Any such reaction ^hiph'^if 
acceleratod by the jiresenee of an added 8ub.staiice may be classed fiS i 
catalytic action, and the agent added may be regarded as the 
or catalytic agent. The catalyst therefore operates to produce equiliiij 
brium, in a system removed from the equilibrium state, more 
than this would be achieved in the absence of the catalysts 
characteristic limits fundamentally the range of catalytic , 

Thus, while it encourages a search for catalysts which will 
thp Combination of nitrogen and hy<lrogen to the ejetent whiph 
ij^aioO'chemical studies have shown to be possible from .thc.t|iic|i^l^ 
dynausic ^<iata in question, it discourages definitely 
a^^jaratmg aghnts for^ reactions opposed to the normal 
pliii^^hipf of the reaction system^ Searches useless for af|aia^® 
shall transform, for example, large ‘quantities 
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ftt room temperature, mto ozone, since the equilibriuin oonegntratton 
of ozone in presence of oxygen, at room temperature, is vanishingly 
small, Sinularly, it is not possible, with the aid of a catalytic agent, 
to achieve, at given temperature, an equilibnum concentration of a 
.resultant equal to th|t prevailing at some other temperature, if the 
equilibrium concentration vanes markedly with temperature. More 
concretely, we may say that, m the production of nitric oxide from 
nitrogen and oxygen, it is not possible to achieve with the aid of a 
catalyst, at lower and more practicable temperatures, the equilibrium 
concentrations of the oxide which are normally obtained at the high 
temperature of the electric arc. For, such concentrations would be, 
greater than the equilibrium concentrations at the lower temperature 
concerned, since the combination of nitrogen and oxygen to form 
nitric oxide is endothermic, and the catalyst would be therefore 
employed in achieving a reaction in opposition to the normal free 
energy of the process It should bo demonstrable, in all the nunicroiis 
types and examples of catalytic processes discussed m the following pages, 
that they are reactions involving a diminution of free energy, reactions 
progressing towards the normal equilibrium condition of the system 
The criterion of velocity increase is an essentially practical onterioii, 
for on this is based a differentiation in catalytic cfHoioiicy From 
the practical standpoint, the addition, to a reaction system, of a 
substance which has no intluoncc either on the equilibrium or on the 
speed with winch equilibrium i.s attained is without interest, although 
from the theoretical standpoint luterestiiig problems might be involved 
Catalytic efficiency will be judged either by the relative accelerations 
produced by equal quantities of added catalytic agents or by the 
relative concentrations of added agents which arc required to produce 
.a given acceleration The mechanism by winch the acceleration is 
produced in the two cases may be entirely dilfcrent Furthermore, 
relative efficiencies may vary with variation in the physical conditions 
, under which the reaction is earned out These two factors may be 
illustrated conveniently by the so-called water-gas reaction, 

\ CO + 1120 = 002 + 112, 

with two cf^talytic agents copper and oxide of iron Over the range 
Cf copper is more efficient than iron oxide as a catalyst for 
tliis reaction.^ Above 300° C , however, iron oxide is quite defimtely 
the more efficient, and, m the region of 400°-450° C, equilibrium 
bduversions are readily achieved. With copper, at these temperatures, 
relatively low and decreasing efficiency is found. Armstrong and 
. Hili^teh show that this varying efficiency and order of efficiency may 
be attributed to the differing mechanisms whereby the reaction in 
^(JUestioii 18 achieved. Whereas, m the case of copper, the products 
app^r to be formed via formic acid as au intermediate stage, in the 

* Annitrolig Mid Hdditoh, Proe. Bog, S«t., }9a0, OTa, 266. ^ 
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presence, of iron ojdde 4n alternate reduction of the oxide by oa,rbob 
monoxide and oxidation of the reduction product by steam appaiently 
occur. It is evident from this, also, that mechanism cannot ^ involved 
in the criteria of catalysis. 

Certain additional observations of facts i^ regard to catalytic r 
processes may now be made. The catalytic agent is present in the 
reaction system on completion of the reaction process. If, therefore; 
the reaction products bo removed and further quantities of the re- ; 
actants be brought into contact with the catalyst, the process can bo 
repeated and the sequence thereby continued indefinitely. Herein 
Jies one of the principal ]iractical advantages of the catalytic agent, 
since it ensures that, witli minimal amounts of catalyst, large quantities 
of the reacting substance.s may be transformed. So long ago as 1806, 
observation of the eyclic nature of the reaetion of oxides of nitrogen 
in the lead chamber process of siilphurie arid manufacture led CU^ment 
and Dosormes to this conclusion, which is universally valid in all cases 
in which the jios.sihility of secondary reactions is excluded. These 
latter, however, an* by no means infreejuent, and so it is comfiion in 
the literature of catalytic agencies to refer to the “ life " of a catal3rst, 
This may be stated in a variety of ways, all of which, however, are 
referable to the ratio of reactants transformed li> catalytic material 
employed. 

In illustration of the several points thus rai.sed in eonnection with 
the quantity of catalyst n‘(]uired for tlie transformation of reacting 
substances, th<* following examples may be cited. Bredig has pointed 
out that the cornhination of liydrogen and oxygen at the ordinary 
temperature could he brought about by 2’;) <• c. of a colloidal solution 
of platinum containing as hitlc as (Ml milligram of platinum, and 
that, at the outset, the rate of combination was 1’8 c.r. of gas per minute.^ 
After a period of time during which 1(^ litres of gas had undergone, 
combination, it was found that the activity of the colloidal solution 
was still unimpaired, the velocity of coinhination being, within the 
experimental error, identical with that prevailing at the commence* 
ment. Mellor ^ cites the observation of TitofF ^ that the presence of 
O-OOOOOOOOOOOOl N.CuS ()4 solution is sufficient to produce a jwr- 
ceptible acceleration of the rate of oxidation of an aqueous solution 
of sodium sulphite. , 

Sulphuric acid is the usual catalyst for the dehydration of alcohol 
to yield ether. As operated in modern technical practice, secondary 
reactions are practically excluded, .ho that an initial quantity Ov 
sulphuric acid is sufficient for the tran.sformation of large quaritities 
of alcohol. In the laboratory, and also in less modem types of twhmcal 
plant where the control of the process is by no means so certain, it ifl 
a matter of common observation that, in a^ldition to the etherification . 
process, aide reactions intrude, manifested by charring of the organic; 

‘ Chmical 8\atic$ and Dynamkn. * pkytikal, Ckm., 1903, 4S, Wl. ' 
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’"eBtsh' fiircuiMt^iices the ‘catalyst shows a st^Iy dinupishihg '.^’wioey, 
.fiCjth$t, sooner or later, replacement of tlie'‘'aoid becomes “nej^stol^i’ 
i^Such afi exaipple illustrates the importance of the problem pf 
interactions to the mainpcatal 3 rtic process m the technical applictitiop 
•.catalysis. It will emerge later in the discussion bn " catalyst ^isons ” > 
jthat m such Cases as the contact sulphuric acid process, the s^thesis 
jof amflipnia and its oxidation to nitric acid, as well as in many othef ' 
, -reactions of technical importance, the essentials of success are to a 
'cpnsiderfible degree governed by the elimination of materials which, 
by reaction with, or modification of, the catalytic material, suppress 
;J)mctically entirely the activity of the catalyst Such side-reactions 
’'ebnainated, however, technical catalysts are oftentimes very long 
lii^_d. Examples are known of contact masses in sulphuric acid 
manufacture m which the platinum catalyst has remained efficient 
‘during a period of ten years of mamifactiifc, being finally discarded 
' rather by reason of high resistance to the passage of the gases than for 
lois of catalytic activity 

' In heterogeneous catalytic reactions the physical condition of the 
'batalyst may be modified as a result of its participation in the reaction 
'.process. In many cases, such change in physical condition is a 
' necessary prebmmary to the attainment of full efficiency. Doberemer's 
platflium 'wire becomes covered, after reaction, with a finely divided 
'idSpofilt of metallic platinum, or corroded or pitted m the process of 
ba^lysing the hydrogen-oxygen eombmation The same phenomenon 
is observed in the case of the platinum wire forming the gauze used 
,as catalyst mthe modern technical process for the oxidation of ammoma 
with air or oxygen, and Bone has illustrated its occurrence in the era- 
ployment of silver gauzes in surface combustion processes 
\ The change in physical state of the catalyst is generally attributed 
'.'to its activity in a series of cyclic actions in which the material 
jwrticipates, the final reaction of the cycle resulting, however, in the 
vi^egeneiation of the catalytic material in its initial form Thus, in the 
\ Wfll-kuown action of manganese dioxide m promoting the decomposition 
potassium chlorate with evolution of oxypn, it has been observed 
imtiplly a crystalline form of the oxide be employed, the final 
V m^uot ir manganese dioxide in the form of a fine powder. The 
’^'^earohes of Sodeau^ have associated this change m physical state 
the participation by the manganese oxide m the process of chlortite 
l^j^bmposition. , Langmuir ^ compares the changes that occu? in the 
pi metals used as catalysts with the “ offsetting ” of tantalpia 
0^ improperly made tungsten filaments, when run in Iftmps' 
^bJi, t^ltetnating current The offsetting consists of a 'slipping of 
I Sryltalsof the metals along the boundary planes, and, in extretnb oaml" 
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5^6 same is tru« of the sut^qk of th^? 

^ on el^rnating current. ' Introduction of ga^ee ikiekMiea 
e'ffe^r^ l^tigmuir concludes that, in all these cases, th^ dwin^graHioh' 
is to bo aisribed to sudden fluctuations in temperature between adjab^t^^ 
atoms in fhe metal. \ , 

Catalysts and eauilibrium. — We may now turn our attention to 
the question of equilibrium in catalysed reactions. It will be useful 
to consider the problem fundamentally, in reference to a* perfeOt),;y 
general reaction. Let us assume a reaction between a moles A atjd;' 
b moles of^ to yield c moles of C and d moles of D. Let a con- 
centration of X moles of the catalyst X be prt'sent throughout thO j 
reaction process. We may express this ])rocevS8 by the equation 

aA +hB + i'X ~cC + dD xX. 

For a dilute gaseous system, obeying the gas laws, it may readily bb 
shown, either kinetically or thermodynamically, that, at equilibrium, j. 

P'r^Kyl^x K ■ ;.a 

'' ' h X X l>'x ' K y P'n ' ■ , , [; 

where P refers to the partial pressure of the given species at equilibyidm^i 
It can readily be seen that tbo right-band member of Expression, (1) 
is identical with the oqiiilibrium expression for the non-catalysOd?! 
reaction, which signifies that the value of /\^, is identical for both- 
catalysed and non-catalysed reactions in a dilute gaseous system. , > ^ fN 
Similarly, for the same reaction occurring in an ideal solution, it 
can also be shown that, at e(juilibriuin, i? 

„ M-ryMi 

whore M refers to the mol fractions of the siivcral species at equUibri'Um'.X 
Corresjpondingly, for a very dilute solution in which the laws of.dilgi^;' 
solution hold, we obtain , ,,, ( J 


(fcy(fi,y_G'x 

C^'xCi,xCfv“C'^xCi' 



where. G refers to the molecular concentrations of the several specie#^ 
at equilibrium. In these cases, also, it is manifest that the equilibripiti 
-Constants lemain unchanged in the catalysed process or that 
catal^i'does not alter the position of equilibrium in systems eertapos^^ 
of id^l or veiy dilute solutions. ' ' ' v|2 

;; i^ -^otnal motion systems deviate to a greater or less degm 
tha 8^ which we have just discussed. For this reason, 

in recent years, in discussing problems of c^oq|4^| 
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equilibrium, to employ the concept of the actiyity of a reaction species 
in place of one or other or all of the concepts possible' with ideal 
systems. ‘ The activity of a species may be defined essentially by the 
equation 

j F^- RTlm^ + Cji, . . . (4) 

where Fji is the molal free energy of the substance A under given 
conditions, is its activity, and Oa is a constant which may be arbi- 
trarily defined The increase in free energy when a substance changes 
from one set of conditions to another is given from Equation (4) by the 
expression 

FA'-FA = ^FA-RT^/^', . (?) 

where a a and a^- represent the activities in the initial and final stages 
respectively and represents the increase in free energy accom- 
panying the change The essential criterion of a condition of e((iiilibrium 
m any systmn at constant temperature is that the free energy change 
accompanying any process oecurring shall be z(>ro For the reaction, 
(lA+hB^cCulI), 
at the condition of equilibrium, 

(tFA + l>F,i^-cF(,+<l (tj) 

By combining Equations (i) and (h) we therefore obtain 
dRTlnciA (iC A + h// Tluo n -t- (>(!/( 

-cRTlndf \-('Cc ■\-(IRThi(ij)-i dCp ( 7 ) 

or 

(S) 

or, since by definition the quantities on the left-hand side are constant, 
we may write for any given lenqierature 

(I'c > a'j, 

iiixa,, 

where K„ may be termed the equilibrium constant in terms of the 
activities of the reacting constituents Tins equation is independent 
of any simplifying assumptions and may be rcgaidi'd as perfectly general 
for any chemical reaction 

Now this equation has been derived from considerations of the 
initial and final states of the system independently of any mechanism 
whereby the process is achieved Hence it follows that the activity 
constant Ka and the free energy change for the reaction, must l^ 

^ For a general treatment of the oonoept of aotiritv, nee Taylor, Treatise Im Phyiical 
Chtmislry, chapters viu and mi (1) \ao Noslrund & Co . New Yorlc, 1924 . Macmdlan 4 Co,, 
Lmdon, 1926) , or Lewis and Randall, Thermodynamics and Chemistry (McGraw-UiU Co , 1923h 
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hj tie prince of l6y wjbstince Warring W*bo|]|i‘^4w^ 

I of the ^natipri, provide^ tho equation is otberwise 
I' rrill- be triie for a gasebus mixture passmg over a ftolid catalyst whioi 
» is unchanged on completion of the reaction process. The equilibrium 
^. partial preasurea of the gases issuing from the^roaction zone will bo 
I >, idenW! those which would be yielded at equilibrium from tho 
» same gas mixture in absence of a catalyst. In all cases of this type^ 

^ it is clear that the catalyst cannot affect the equilibrium in the ga$; 

! phase. No cme is known in which a change in equilibrium has hem 
\ experimentally demonstrated in reacf ions of this type.* , 

, In homogeneous systems involving a catalyst it is; however, 
possible that the equilibrium concentrations of a reaction system may 
be modified by the presence of a catalyst. It i.s possible to indicate 
how this occurs. If the activity of the catalytic agent remains uni,^ 
changed througlmut flu* reaction, the derivation of Equation (9) 
indicates that the etpiilibriinii constant A'« remains unchanged in 
presence of the catalyst. Tlic catalyst, however, may have widely, v 
varying effects on the activities of the several reactants ; in such caaO, 
the mol fraction.s or the molecular concentrations of these several 
reactants may have appreciably different values from those obtaining 
in the absence of a catalyst. It is to tliis varying effect of a catalytic 
agent on the activitie.s of the individual reacting species that moat 
of the abnormalities in tlie determination (ff e({uilibria in the presence of • 
catalysts are to Ix' attriluited. The effort is )>articularly apt to occur iiy 
equilibria which involve electrolytes either as reactants or as catalyste. 

Equilibrium determinations in proccs.ses of ester hydrolysis may 
be cited in illustration of this factor. Jones and Lapworth ^ in-* .. 
vestigated the ctpiilibriimi constant in the hydrolysis of ethyl acetate^^' 
using hydrochloric acid as catalyst. It was found that the value'; 
obtained for the equilibrium constant in terms of concentrations of 
the reacting species varied according to the amount of catalyst. . 
employed. The appended diagram (Fig. 1) gives a plot of the values^ 
of the apparent equilibrium 

tCjHsOHfCJiaCOOHj’ 


where the brackets indicate mol fractions. It will thus be seen thaf \ 
the value of ^( = 4) obtained by Berthelot and Paen de St. Gilles f(tf I, 
such homogeneous liquid systems in presence of traces of acid catalyst^'^.^ 
rises steadily with increasing concentrations of hydrochloric acid to . 
values in the ncighbourhooil of 9. This is to be ascribed to the 
inffuenee of the acid on the activity of the water, and, probably fof; 
a lasser extent, the other constitwents. The activities of these .W^ v 


stituents are then.no longer proportional to their mol fractions. Hiding 
are obtained for T. If the equilibrium constant Ka 
• ^ . ^ J. Chem. Soc., Idll, 98, 027, > td 
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calculated from the several activities in presence of varying con- 
centrations of catalyst, a real constancy would be observed. Similar 
measurements by Armstrong and Worley^ also show the dependence 
of the end-point in acid hydrolysis of esters on the concentration of 
acid catalyst employee! The variations observed are determined by 
the influence of the acid on the activities of the several reacting species. 
The introduction of the concept of activity into the mathematical 
treatment of reaction velocity has been given most comprehensively 
by Eronstocl.®* Details of this will be given in a later chapter on the 
kinetics of homogeneous catalytic actions Rjcrriim® has pointed 
out that Bronsted’s equation, involving activities of the several 



molecular species, really involves tlu' c oneentratioii of a reacting 
complex formed by collision of these reacting species 

The more closely a reaction sv.steni approximates to that of an 
ideal system, whether gaseous or in solution, the more nearly independent 
of either, the catalyst employed or the concentration of catalyst does 
the equilibrium become As the (omhtion of ideality is approached, 
the more closely proportional are activity and concentration. That 
this IS approximately realised m some circumstances is evident from 
the researches of Koeliclien * on the reversible transformation of 
acetone to diacetonyl alcohol 

2CHjI’0CH3-CHj( 10CH, CfCHjlgOH 

1 ?roc «oy tV. 11)12, 87^, 1504 
’ iSer oBpocKilly ZFilxck phi/mkal ('hern , 1022, 102 169 

» Ztittek. phytM Uhtm , 1023, 108. 82 * Zaltch phyi^hd. Ghm , 1900, 38 , 129. 
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The rearfjtion is catalytically accelerated by hydroxyl ions. The same 
equilibrium state is attained from either side by such varied agents as 
ammonia, triethylaniine, tt'traethyl ammonium hydroxide, and sodium 
hydrate. Turbaba,^ also, varied the catal^iic agent iu the aldehyde- 
paraldehyde equilibrium, .showing that with hydrochloric acid, sulphur 
dioxide, oxalic acid, zinc sulphate, and other agents the proportion trans- 
formed was independent of the nature and quality of the catalytic agent. 

There are few direct experimental demonstrations that, in gaseous 
reactions at a solid surfa<'e, the equilibrium position is unchanged, 
bemoine’s data on hydrogen iodide decomposition at a platinum 
.surface and in absence of .'<ueli have already been cited in the preceding 
chapter. Of indirect evidence, however, the literature is full. Every 
case in which a .shift of equilibrium has been 8U.spected has been shown, 
on closer e.vamination, to be (jiiitc norm.al Thus, Jellinek ^ suspected 
that ainnionia in excess of the normal ecjuilibrium concentrations 
might be obtam<*d from nitrogen-hydrogen mixtures in presence of 
catalytic' iron. A most can-ful study by Larsen ^ has failed to reveal 
any indication of this whatever. It was .suspeeli'd by .some that the 
(‘xperinieiits of Milligan, (liapjiell. and Keid on esterification of 
alcohol-acetic acid vajiours in jire.seneo of silica gel indicated a shift 
of tlie esterification equilibria, since yields considerably in excess of 
(it) ]ier cent ester were obtained. This suspicion was unfounded. It 
arose from a eoiifuMon of tin' equilibrium .state in liquid system with 
that in the vajiour phasi*. Bertlielot and Ihum <le St, tilille.s had shown 
that, in IkiukI svsicni, the ecpiilibrium }»osition lay in the ncighbour- 
liood of tiO per cent esti-r formation from (‘({uimoleeular (piantitios of 
alcohol and acetic acid, lint, as w-as recently shown by Edgar and 
Schuyler,^ in tin- vapour phase, the etjiiilibrium point is much more 
markcflly on the esti'r sid<*. 

There I'XisIs, however, a wealth of iii<lireet evidence that the solid 
catalyst does not shift the e(]uilil)riuin in a gaseous reaction. The 
concordance wlneli exi.sts between the thermodynamic calculations 
of equilibrium in a variety of gas reactions and tin* direct experimental 
measurements of the ecpiilibniim, most of which have been achieved 
with the aid of catalytic agents, is at once a convincing proof that 
equilibrium is iiulepmident of the I’atalyst. Thus, for example, the 
equilibrium in the Deacon chlorine jiroeess as determined by Lewis* 
and by von Falkenstein ’ with the anl of catalytic agents, may be 
harmonised completely with the thermodynamic data for the process. 
Or, alternatively, the values obtained for the equilibrium in this 
reaction may be utilised to evaluate free energy functions of the 
reacting species, which data may in their turn be used for other oalcula- 

^ 1901, 38, 505. * Zeiisch. amrg. Vhe*n,, 191), 71, 121. 

® /. Cktm. Sor., 1923, 48 , 2918 ; 1924, 46 . 367. 

♦ y. Pk^siMl Chtm., 1934. 28, 872. ‘ J. Amr. Chem. Hoc., 19244 46, 64. 

♦ Amer. Chtm. Hoc., 1906, 28. 1380. ’ Zciltch. phytikal. Chtm., 1007, 
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tioDs, all of w^ich by a eyatem of checli; and'oroas-cheok Can, sbown 
to be in complete agreement. It is in tjiis manner that the indst 
decisive conclusion as io independence of equilibrium and .catalyst m 
such gaseous systems can be achieved. The number of such examples 
is steadily increasing i* the thermodynamic literature 
' There follows from this discussion of the catalyst and equilibrium 
the very practical conclusion that, m a reversible process, the catalyst 
must accelerate both the forward and backward reactions In such 
systems as show no shift of equilibrium with catalyst employed, the 
!ai!ne proportionate acceleration will be produced m the inverse re- 
ictions. A hydrogenation catalyst will also be efficient m the reverse, 
iehydrogenation. An esterification catalyst will operate also as an 
igent dor hydrolysis of the ester Numerous examples of this feature 
vill be found in the subsequent chapters 
Solvents and catalysis. — What has been said in the preceding 
ieclion with respect to the iniluence of the catalyst on the activities 
)f /the several reacting species, and therefore upon the jiosition of 
iquilibrium, can be applied also to the influence of the so-called 
indifferent ” constituents of the reaction system Among these 
* indifferent ” constituents the solvent is of first importance So 
, long is the system is ideal the solvent will be without influence on 
equihbrium But, in so much as the solvent or any “ indifferent ” 
/Constituent ejccrciscs an iniluence on the activities of the reacting 
' species, by just so much will its influence on the position of equihbrium 
I be felt. There may exist a whole senes of systems m which an added 
agent will vary at the one extreme from <a catalyst, normally so called, 

. to the other extreme m which it is commonly regarded as a solvent , 
and there will be nothing in prineijile to distinguish the catalyst in 
. the one solution from the solvent in the other Thus, a little ether 
may act in benzene solution as a catalyst for the reactions of the 
\Ctrignard reagent^ By mcrea.sing the concentration of the ether 
y, continuously, a state of affairs may be obtained in winch the ether 
may justly be regarded as the solvent In principle or mechanism 
^notlung has been changed. Only m its quantitative aspects has the 
"‘ system undergone change In each case, reaction will be measured 
the activities of the several molecular species 
, ; Since the activity of a substance in solution can only attain certain 

^'limiting values dependent largely on the solubility of the species m 
, 4he given solvent, it is apparent that, from this cause, a solvent may 
J' exercise a directive influence on the course of reaction Thus, in 
S, ''aqueous solution, potassium iodide precipitates raercunc iodide from 
„ a solution of mercuric chloride In acetone solution, on the contrary, 
i tiierCuric iodide is quite soluble, while potassium chlonde is insoluble ; 
£hhnce, addition of mercuric chloride precipitates potassium chloride 
acetone solutions of potassium iodide. , . 

‘ Tsohelituteff, Ber,, 1906, 88, 3664. 
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- !& *prbl)lem tftf the solventlm the reaction prpceae r4®y 

froto the standpoint of the solvation of tlihreacting ;sp0^*o8.^ 
If a r^^ctadt, A, undergoing change, forms, in a solvent S, a solyate4^ 
molecule, the equilibrium condition being represented by the eqnatipir^ 

' J + nS = v4 . wiS, 

the solvent may exercise a profound influence on the rate of change*; 
If unsolvated A alone undergoes reaction, then presence pf the solvent h 
S will lower the specific rate of reaction. If the solvated molecule^Y 
.t . W/S, are reactive constituents, several possibilities may arise* . 
The observed reaction rate will depend on the value of n, which 
influence the reactivity of the solvated reacttint. The rate m|y also 
vary with the nature of the solvent S, and, whether due to the reactivity 
of either A or A . 7iS, the rate will also depend on the value of the ' 
equilibrium constant in the above Solvation equilibrium. i 

Bjerrum has discussed .some of the.se factors in a recent paper, 
He points out that tlic enhanced catalytic activity of hydrogen ions ' 
in presence of neutral salt.s, first noted by Arrhenius, can bo explained 
on the basis of varying hydration of the ion. If the ion in the inter- ■ 
mediate complex formed by collision of the reacting species and thb 
hydrogen ion liave a smaller water content than the ion in the solution,' ' 
the Arrhenius effect must result. Bjerrum points out that, if the 
'difference in the two amounts to n moles of water, then the catalytic 
activity will increase, witli decreasing vapour pressure of the solution 
p, to an extent proportional to (po/p)”, where is the vapour presfiut^ 
of pure water. I 

Bjerrum further point.s out that, besides these catalytic effects 
which may be associated with the formation of definite chemical 
compounds, and in which the catalyst, so to say, opens up a number 
of parallel reaction paths, there are certainly cases wliere the presence 
of materials foreign to the actual reaction process may actually ex^rt 
an influence on the reaction speed without actually entering into 
combination with the reactants. These act by virtue of the molecular 
forces which they exert on the reacting complex, changing its foxnCl 
without the production of a chemical compound. A deformation o| 
the reaction complex may occur which may have marked influence 
on Hie velocity of rearrangement of the , complex. There, is somb 
eyidence that such deformation catalysts are present in some catdiyHiC 
gas reactionis. Bjerrum points out that the relationship betweeiil 
defdtmation and activity will be slight. The activity of a substAnCd 
at th^ same concentration is known to be greater in poor solvent^ th^^V' 
in gopd^ Solvents. But it cannot thereby be concluded that the 
stance will react mote rapidly in the poor solvent. Rather should 0fie^ 
ijonclnde that the reaction will proceed more rapidly in the good solveiit^; 

^ ZtUech. phytikaLjJhm., 1923, 108, 83. 
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Because, in tins case, the greater solubility is an^ index of- greater 
molecular forces winch may influence the velocity of change by 
deformation. 

Menschutkin ^ attempted to trace a relationship between the di- 
electnc constant of tht solvent medium and the velocity of interaction 
of triethylainine and the ethyl halides in various solvents. Some of 
his results are recorded in the following table 


' Solvnnt 

• it\ Coimtuiit 

iMtlcitrl) CoiHtiml 

Hexane 

()-0O(JlS 

2t) 

Xylene 

0 00287 

2 0 

Benzene 

0 (MViSl 

2 0 

Ethyl alcohol 

Methyl alcohol 

0 o:«iti 

21 7 

0 0.) HI 

32 .1 

Acetone 

0 0008 

21 S 

Benzyl ah ohol 

0 13.10 

10 0 


It is evident from this table that thus jihysical jiro[>erty alone is 
inadequate to explain the whole of tin' variation in velocity 

‘ Btr , 1882, 15, 1818, itln/Mktil f'hem , 1887, 1 till . IH'KI 5 "iH') IS'lO, 6, 11 



CHAPTER in 

homogp::^ kous iika(TTO\s 

Gas reactions. — Tho prohlom of tho im'clianisin of liomogoneoiis gas 
reactions is in reality not S(> siniph' as would he imagined from a direct 
interpretation of tlu*- order ” of the reaction. 

There are, for ('xample, numerous ('xam])les of reactions which 
arc apparently unimoleciilar in eharactiir, and it. was. as we shall have 
occasion to observe, on the hypothe‘'is that a uni molecular constant 
for the reaction velocity was a true criterion of a unimolecular re- 
action that led Perrin to his formulatiou of tin radiation hypothesis 
of chemical action. Ajiart from tlu' radioactive transformations, 
however, very few true unimolecular reactions (‘xist. The decomposi- 
tion, of phosphiiK' examined hv Trautz and Bhandarkar,^ which at 
one time was taken a.s the classical examj>h‘ of a unimolecular reaction, 
has been shown by Hinshelwood to be a hetiTogeneous reaction. 
On the other hand, the decomposition (»f nitrogen pmitoxidc investigated 
by Daniels and Johnston has recently Ihm'ii .shown by Hirst and 
Rideal to depart from the unimolecular law at jiressures below' 0-25 mm., 
but become unimolecular again at very low pressures. An interesting 
field for inve.stigation wmuld lx* the dissociation of such compounds 
as nitrogen tetroxide, of the diatomu* moleiuih's of the lialogens, and 
the thermal ioni.sation of vajiours, from the )>omt of view of the order 
of the reaction. Whilst the jiseiido unimolecular character of a 
number of decompositions or dis.sociation.-i evidently requires explana- 
tion, the rarity of true unimolecular reactions is significant. 

In the case of bimolecular reactions two jioints of great interest 
emerge from observations on the reaction velocities at various tem- 
peratures. It is found that the number of moleculc.s reacting por , 
c.c. per second falls far short of the number of actual collisions 
effected between the molecules of the. reacting specica. From this 
observation the division of collisions into “ effective where reaction 
results, and “ineffective”, or those undergoing ideal elastic collision^ ^ 
may be made. Again, as pointed out by Arrhenius, the influence o£ 

1 Zeif4cA, anorg. Chem., 1919, 106, 95. » J. i'htm. Hoc., 1924, 126, 393. 

V * J. Amer. Chem. Soc . 1921, 43, 63. 
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temperature on bjmotecul^r reactions- is tnost niarlce(J;\ It is 
tbat the temperature' coefficients of chemical reactionl'are nli^ys 
feifttively high, the velocity increasing exponentially with the tem^- 
oeratUre. ‘ The number of colhsions per c c per second, according td 
-he kinetic tlieory of ^ses, is given by the equation 

N^^2NiN,ffia2/2nRT(~+~\ 

w)ier 0 iV|iV^ 2 i the numbers, molecular diameters, and' 

masses of 'the reacting molecules, it is clear that the exponential 
-increase in the number of effective collisions with the temperature is.'- 
much greater than the comparatively small increase in the number of 
total collisions The8(‘ results, and more especially considerations 
based upon the influence of temperature on processes of esterification 
and hydrolysis m solution, led Arrhenius ^ to the concept of “ active ” 
molecules. 

According to Arrhenius wc must postulate in a reacting species 
an equilibrium existing between active and inactive molecules 

A^A’ 

.Active molecules on collision ])roduce chemical reaction, inactive 
' molecules ineffective or elastic collision The conversion of the in- 
active t-o the tautomeric active form requires the supply of energy, 
,^the energy of activation, or the critical energy increment, the magnitude 
•• 0 ^ which, as we shall see, can be detenmned m certain cases from the 
temperature coelhcient of the reaction 

, An adequate interpretation of the simjih' bimolecular reaction 
' requires an analysis of the mechanism of activation and the source 
from which this energy required for activation is drawn There is, 
‘however, m addition, a third complicating factor to be considered in 
. stlch reactions, which can best be exemplified as follows The heat 
of dissociation of liydrogen is ca 84,0(30 per grm -anoleculc, or 1'37 
lOr^® cal. per molecule When two hydrogen atoms approach one 
another even, at very slow speeds to effect union to a molecule, the 
^pergy of dissociation has to be libi’rated before the hydrogen molecule 
CftH exist It IS clear that, in the case of a “ head on ” collision, com- 
bination is impossible ; for, if the atoms are moving towards one 
Another with identical speeds, before formation of the molecule is ' 
j^^Bsible, both the heat liberated in the reaction and the kinetic energy 
originally possessed by the atoms have to be dissipated in some way. 
qPwo methods of dissipation suggest themselves the energy may be, 
chssipated m the form of radiation, or a simultaneous colhsion with a 
Ihird molecule or atom may take place, and this third member may be 
^Ot off again with the excess energy m some form. As we sllall haye. ' 
iOCcaafen to note, if radiation is emitted m such bimolecular reacti6ii$ v ( 
» ZnUch. phynkal. Chem.. 1889 , 4 , 22 , 1899 , 81 , 317 
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leaioval pi[ the exd^ energy a t)|ird 
athiii III, the internal form — for example; in the combination of sodiuilii' 
and iodine by sodium atoms— is by no pfieans scanty. It would npp^r 
by no means improbable that termolecular reactions, or at least two/ 
bimolecular reactions occurring in sequence in a short time intetvab 
are in reality by far the most common. * - 

Although, as-we have seen, recombination of atoms can only occtir; 
'"either through the mechanism of a termolecular reaction, or, if bi*^ 
molecular, through the emission of radiation, certain othet t3rpes of 
ifcrue bimolecular reactions are possible. In the case of decomposition i: 
of complex molecules by bimolecular collision, if the decomposition be ^ 
4 an endothermic process, the difficulty to which attention has been?^ 
drawn does not arise, whilst if the decomposition be exothermic the ' 
products of reaction can evidently dissipate the energy in a kinetic^ 
manner. 

Again, it is conceivable that the union t)f complex molecules to 
one another or to atoms may occur, such as th(‘ union of atomic oxygen, . 
chlorine, or hydrogen, to their respective molecules, through the agency/ 
of true bimolecular reactions, for, although energy in excess of the, 
critical amount required for decomposition has U) be dissipated, '<a, 
mechanism of dissipation is provided in the third atom in the comple? 
molecule. . " 

We have referred to the fact that in the union between atoms / 
either radiation must be emitted or termolecular collisions must occur, / 
the third body, cither atom or molecule, serving as an energy dissipator. 
Since reaction does not occur without such collisions, we may consider ^ 
this to be a simple case of true catalytic action. The researches of 
Bonhoeffer ^ on the combination of hydrogen atoms and of BodonsteiV 
and Liitkeraeyer ^ on the combination of bromine atoms, indicate that'/ 
these reactions proceed very much more slowly than anticipated on / 
the assumption of- simple bimolecular collisions effecting combination, - 
Only one in every thousand of such collisions is eifective, and this may , 
Well be termolecular. Bcutler and Polanyi,^ however, have shown ; 
that reaction between sodium atoms and halogens and halides may ,; 
occur with an efficiency of 1 collision in 100, and 10^ times more ** 
rapidly than can be accounted for by triple collisions. 

It is interesting to examine how far we can investigate the operation,^^; 
of such catalytic action. It is clear that if the catalyst dissipates tW] 
energy in a kinetic manner that recombination of atoms should take/, 
place very much more rapidly in the presence of an indifferent gas/^V 
for the number of termolecular collisions will be increased* . / 

'reveroble reactions the augmentation of the velocity of associatiodii 
•fb^the, indifferent gas should be accompanied by the augmentation of | 

ZtUach, phytHcal. Clun., 1924, 113, 199. » Ibid., 1924, t44, 20S. 

* Naiunoisatntchaften, 1925, 13, 711. ^ J 
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velocity of dissociation, for the equilibrium will be unaffected by its 
presence To take a concrete example, if the rate of union of chlorine 
atoms be facibtated by a neutral gas, the rate of dissociation of the 
chlorine molecules must likewise be affected, since the equilibrium 
conditions defined by^ 



:emain unaffected No crucial t6st of this hypothesis has been made 
We may also consider that the catalytic tiinelioii of the third atom 
or molecule is to dissipate the energy in an internal and not kinetic 
form, and it is only those substances which can acquire this interna! 
energy which act as catalysts As an exam[)le may be cited the union 
of sodium and iodine atoms effected by the volatilisation of sodium ‘ 
iodide in a hoi bunsen flame and eoohng the products of dissociation. 
An examination of the spectrum revi'als the presence of the sodium 
D lines but not thosi' of the ionised iodine 

Tlie values of the heats of reaction of the various possible changes 
are given below 

Na gas + 1 gas -- Na T + 1 12,(KK) 

Na +r =Na If 144,000 
Na gas + 1 / 2 I 2 = Na I + 94,.'j00 

Na -I {(>) -> Na -) 48,r)(XJ 

1 ' =T +(c)-«2,0tX) 

J =-l +(c)-18o,(XK) 

It 18 clear from tlie data [iresented that the energy dissipated in 
the union of sodium and lodiiu’ atoms will be sulhciont to loui.se sodium 
atoms but not iodine . thus tlie smlium may be regarded as a catalyst 
but not iodine for tlie union of sodium and iodine atoms by removing 
48,500 out of 112,1X10 ealones in the form of internal energy which is 
afterwards re-emitted as visible radiation 

Whilst a number of supposedly homogeueous gas reactions have 
during the past tew years been shown to he heterogeneous m that 
the reactions may occui entirely on {eg ethylene and the halogens) 
or commence at (hydrogen and chlorine) the walla of the containing 
vessel, it cannot he said that the operation of a liomogeneous catalytic 
gas reaction has been studied m detail It is possible that the catalytic 
influence of small traces of water vajiour examined by Baker m such 
reactions as the dissociation of ammomum chloride or the union of 
carbon monoxide and ox}gcii may prove to be true cases of homo- 
geneous catalysis , yet, as w'e shall note, 111 the case of the hydrogen 
chlorine combination, it is possible that surface action intrudes Never- 
theless, the study of imoatalysed liomogeneous gas reactions reveals 
some of the most interesting peculiarities associated with chemipal 
reactions 

The energy 0 ! activation or excitation.— As w^ have noted, 
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Arrhenius was led to the concept of active and inactive molecules in 
which the equilibrium between these two tautomeric forms of the 
same substance shifted in favour of the active form with rise in tern* 
perature. This concept was subsequently extended by Arrhenius to 
explain the mechanism of catalytic influence, ^tho addition of the 
catalyst being presumed to bring about an increase in the concentration 
of the active form. 

The alteration of the velocity coefficient with the temperature 
could be formulated in the expression 

<l\o^K_ E 

tiT ' jrr' 

E being the energy re(juired to transform one gram-molecule from the 
inactive to the active state. 

It will b(! noted that Arrhenius makes no assumption as to the 
source of the energy of activation but simply ])ostulatos the existence' 
of tlicsc two tautomeric types as well as a dynamic or mass law equili- 
brium between th(nn. 

Marceliu ^ advanced the problem a .stag<* further by (hslucing from 
the lyiaxwell- Boltzmann ))nnciple of tin* distribution of energy an 
expression similar to that of Arrhenius On the assumption thftt the 
internal energy of the moleeuh's varies in conformity with the laws of 
statistieal mechanics, and that a molecule reacts when it has acquired 
internal eiuTgy E in exeicss of the normal, “ lu' showed that the rate of 
variation of tlu' vi'locilv eonstant with the temperature would be 
expressed by the relationship 

f/logA'^ E, 
ilT 

Marcelin's A’,., termed the critical energy mcriumuit, i.s thuH identical 
with tlie energy of activation E jiostulatcd hy Arrhenius. 

The concept of Marc<*lin that it is tie' internal energy of a 
molecule which rendens it active, is similar if not idiuitical with the 
conception of the “ excited ’ molecule of the jihysicist. 

The probability that a molecule will react after it has gained 
internal energy AV may increase with augmentation of this internal 
energy content ; w(‘ shall then obtain, a<lopting again the hyjiothesis 
of a statistieal distribution in internal energy, 

(i log K Er { ET t 

liT ^ ’ 

sinc^ Ee is usually great compared to RT ; to test this modification 

1 Compt. rend,, 1914 , 158 , 161 . ^ 

* a. N. tewis ttiid Smith {J. Amer. Clum. Hoc., 1925, 47, 1513) assume that JF* w th« 
interntti energy of a n-active molecule, not the excess above the average internal energy contofit i 
thttre is no justification, however, for this assumption. 
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pi the .equation fof the temperature coe&ient of reactipSn tetpcity 
would require experimental data of a high order oi aecuracy, ^ - 

'Since the energy of excitation or 'activation is interaaHn character, 
jre must inquire how this energy is acqmred, a point on which neither 
Arrhenius nor Marcehn expressed any opinion. 

; Two methods have been suggested, one by the absorption of radia- 
tion, the other by means of molecular collision of a special type. 

The radiation theory of activation.— In 1906 Trautz,^ and m- 
lependently both McC. Lewis ^ and Perrin,® suggested that the energy 
of excitation might *bc obtained from radiation normally existing and 
lowing through the reaction system < 

Perrin was led to this point of view by consideration of the mechanism 
)f uniraolecular actions. For such actions the probability of a parti- 
lular isolated molecule decomposing within the next second is invariant, 
iince the velocity constant is independent of the concentration The 
,, critical energy increment can evidently only be sup])licd by some non- 
. material type of energy transfer such as radiation, either in the infra- 
red or other portion of the spectrum Trautz and Lewis were led to 
’ the same view by a supposed analogy between photochemical and 
thermochemical reactions. The extraordinary .simplification which 
Would be introduced into cliemistry if chemical activation were always 
; produced by the absorption of radiataon is the great attraction of the 
"radiation hypothesis 

It was suggested by Trautz and McC Lewis that the activating 
1 radiation was monochromatic in character, and that its frequency 
could be determined from the energy of activation as defined by 
'Anhenius with the aid of the quantum hypothesis from the equation 

■yirhere E is the energy of activation, h Planck’s constant, and v the 
^^quency of the activating radiation 

Since the activating frequency must be absorbed by the reacting 
system, it necessarily follows from this assumption that we can calculate 
>t'le®8t one bnc in the absorption sjiectruin of a substance undergoing 
.thermal decomposition from the temperature coefficient of that de- 
j'COmposition. It has to be admitted that the experimental proof of 
'this hypothesis is inconclusive Whilst in some cases the theoretical 
Anticipations have been verified, e g. for the decomposition of triethj^ 
AUlphme bromide dissolved in various solvents such as nitrobenzene^ 
‘;wbeire van Halbsfn * obtained a value of A = 28,530 cals. (A cal. = 1-0 n),' 
'ftii9, MbC. Lewis and H A Taylor ® observed a strong absorption line 
at 1-05 /a. In the case of the decomposition of phosphine and nitrogen, 
,’^entoxide the lines anticipated are not observed ® 

Soe »l5q Znltdt. phytM Chm., 1911, 76. 129. ZeUKh anoty Chm., 1918, ttS, 

I9ie, 106, 149 » J Vhem Soc . 1916, 109, 796. ’ ; ' 

• rf* 1919, 11, 6, * Zttixh pky^ihd Qhtm., 1909, 77, 129„ 

f J. CkM Soc., 1922, lai, 665. • Langmuir, J Amer ChtM. Soc., 19, 4J, 
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' . ]^T4n‘^4^!ffibse c^ in wWoh' the snticipatcd ijiie has jbeeil ihowi 
to exist, it sitlll ffenj'ains to be proved tliat irradiation with light/)! t^' 
frequekoy will promote photochemical decomposition. 

.,Two other serious criticisms of this presentation of the radiation 
hypothesis may be advanced. As originally suggested by vant’ Hoff 
and omphasi^ed by Lindemanii,^ unless a light dart or corpuscular 
nature be attributed to radiation itds difficult to see why all the 
molecules should not absorb radiation equally and all disintegrate 
simultaneously ; we should thus be confronted with a supposed homo- 
geneous reaction proceeding almost explosively at the surfacb exposed 
iio radiation. Again, Langmuir has pointed out the great discrepancy, 
between the amount of radiation of the particular wave-length avail- 
able in a supposed black body enclosure and the actual amount of 
decomposition effected by it. Langmuir ^ has utilised as his basis of 
argument the figures for the decomposition of phosphine given by 
Trautz and Bhandarkar, which are now known to be erroneous. Watson 
has performed a similar calculation for the decomposition of ethoxy- 
Oxalacetic ester, which decomposes according to the unimolecular law. 

According to Planck the radiant energy in a black body enclosure; 
encompassed within a band of thickness 8A is 


In the case of the decomposition of ethoxyoxalacetic ester the energy 
of activation as calculated from the temperature coefficient of the 
velocity constant was found to be 35,<S()() cals., and the absolute velocity 
constant to be 5'37 10'^ at 183’ C. Assuming a density of unity th« 
energy required per o.c. per second is , ; ^ 


35,800 X 5-37 . 10^ 
^32 


x4’2 10^ ergs. = 3*10^ ergs. 


The wave-length corresponding to the critical increment of 35,800 
calories is, according to the Einatcin equation, E~ Nhv and 


Aa=800ft/Li. Assuming a spectral width for this line of 10/a/x, we obtain 
10“'^ crg./sec. Thus one sejuare centimetre of black bodyiu 
contact with the ester would supply but an infinitesimal quantity of- 
the actual energy required. This discrepancy between the observed; 
reaction rate and the monochromatic radiation flow has been inve^stigated 
by Christiansen,^ and Christiansen and Kramers,^ in which they show 
that the maximnm rate of activation by radiation per c.c. per second 
as given by the Einstein expression 


(i 


- NBpK 



f Trtww. Farad. Soc., 1022, 598, 17, * Amer. Chm. 8oc., i2, 2190. .A 

' Zaiitch, physikd. Chem., 1922, 103, 91. * Ibid., 1923, 104, 469. , y >J 
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where N m the concentration of inactive molecules. B.pr is thi 
' probability per second that a molocale will become active under th( 
‘mUuence of black body radiation of radiation density pi/ The rate 
of reaction is likewise proportional to the number of active molecules or 
^ 

iiT, 

uhere /« and ]\, are the a priori probabilities of molecules evisting 
in the active and normal states They find 

NBpv^-NA^^ynm-e , 

for large values of E this reduces to 

IV/1 j/'c'A'. 

and, if PaiBn be not very dilTerent from unity, the rate beeoinos 


j: 

/ - /le Ii'!' - Bpv, 

where j is the life of an excited molecule This is assessed as equal 
to 10”® M’comls 

Tolnian ^ has attenqitcd to evaluate B from the Bohr correspondence 
principle by means of the. expiession 

leading to values of B from 10''* to Itd^ Hence an ujiper limit is 

found for A.=10‘*'pn, and evaluating pr- ' ^-3- - 1 (or approxi- 

o_7, 3 t : . K 

mately n?' j we olitain / =C(i lt)A'"/‘/’ for = 2 r),tKK) calories 

Now tlie rate of a number of supposedly unimohrular reactions 2 


is of the order of 10*^c whence a rate of lOV'nr, which is the 


maximum rate possible for activation by black body radiation, is only 
one-millionth of the, observed values Several attempts have been made 
to avoid this difficulty Bcrrin suggests that the light quantum is 
, re-emitted after decomjiosition of the active molecule and passes on 
to the next If this hypothesis were true it is difficult to see why the 
same phenomenon does not occur lu true photochemical reactions 
where a number of cases of the Einstein law of plioto*e([uivalence 
have been found. Tolman * and llideal ^ assume that the whole of the 

’ ,7 Amer Chem Soc . UlS.'i. *7, 17)43, PAi/s llev , 1921, 231)43 

’ Dushniftn, .7 Amn Chfm Soe . 1921, 43, 397 * Trnnj< Famd Soe , 1922, 47, 005 

‘ J Amer Chan .SV , 1920, 42, 2600 , 1926, 17, 1626 ‘ Trans Farad S(k , 1922, 17, 605. 
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inflowing taxation is available for activation. Such an operation c<an 
be iipagbied to proceed bv considering the activation of molecules to ^ 
take ‘plaice in steps, by absorption of smaller quanta, there being a 
number , of stages corresponding to a number of absorption lines in 
the spectrum of the substance. Tins conceptiot, together with the 
assumption that absorption of the energy in a particular part of the 
spectrum is accompanied by a rapid redistribution of energy so as to 
give the typical black body energy wave-length curve, accounts, as 
Tolman has shown, for the existence of a tein[)erHture coefficient of 
photochemical actions. We may note, for cx.imph', in tlie ciisc of the 
decomposition of oxalacetic ester at IS-;!’ the energy necessary for 
activation was found to be 3-0 l()® ergs jut c.c. jiiu si'cond, whilst the 
total energy in a black body enclosure p»*r cubic centimetre is given by 
Stefan’s equation 

A’ = 3*72 or 2-4 10® ergs, at 183" V. 


This view, in a slightly dilfcrent form, has bei'ii advanced by 0. N. 
Lewis and Smitli,^ who have calculated on the hypothesis of discrete 

quanta of cross-sectional area A~ llie prohahihtv of collision 

87r 

between molecules and (pianta, the forimu iiosscssiiig a certain internal 
energy e, and the latter of frequency c, such that c-t /m' 

The chance that a molecule will encounter a quantum moving 
with the velocity of light c of any fr(Mju('ncy aliovc* a given frequency 
i'' is found to be f, 

f = y\i c?s.. 

vJ (V 


where 


?p_pv 
?v fiv 


whence 



The chance that a molecule possessing internal energy c will encounter 
i quantum of irequeiicy higher than r' in niiif. time will be 




dw 


where is the fraction of moh*cules having internal energy between 
de 

e and e -f- de. 

Hence the chance P that a molecule chosen at random will in unit 
‘ time meet a quantum which has sufficient energy to take the molecule 
from the unactivated to the activated state. 


fK.dw, kTf 


dw 


e nr 


de 


de, 


^ J. Amer. Chem. Soe., 1925, 47, 1519. 


* fjec also KuJeal, Phil. Mwj., 1920, 40, 403. 
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f ‘ '' ' , ' 

'T^iier^ ^ is the internal energy of the molecule anAfC^ the critical value. 
lA a molecular system possessing no internal energy expegt that of 
‘rotation with two degrees of freedom we obtain 


de 


1 - 


whence 


ah equation originally suggested by Bushman and Ridcal ‘ 

A similar equation can be developed for molecules possessing more 
than two degrees of freedom 

It will be noted that these modifications of the original hypothesis 
are in essentials somewhat similar, in that a part of the necessary 
critical energy increment is already present as internal energy in a 
molecule undergoing activation , whilst Tolman would suggest that 
all internal energy is supplied by radiation, G N Lewis merely 
postulates its existence and sees in this a part of the energy necessary 
for activation 

On the redistribution of internal energy as a mechanism of 
activation.— In the preceding section we have examined the various 
attempts which have been made to reconcile the experimental rates of 
reaction with the hypothesis that tlic energy of activation is supplied 
by the inflow of black body radiation The outcome can scarcely 
be regarded as satisfactory, and in consequence many have rejected 
the radiation theory tn loto and have fallen back on the theory Of 
activation by collision, which wo shall have occasion to discuss m the 
hext section. Before this attitude can be justified it is clearly necessary 
to show that there are no ummolccular chemical reactions, because, 
although the original conception of Perrin, Trautz, and McC Lewis 
that the inflowing radiation was the source of activation may be 
erroneous, the very existence of a true ummolccular reaction certainly 
demands an explanation m terms of some type of interaction between 
radiation and matter 

, J The only definite example of a well-established case of ummolecular 
decomposition is that of nitrogen peiitoxide, although many cases of 
evaporation and sublimation, ^ and, within certain hraited temperature 
ranges, the thermal decomposition of sulphuryl chloride,* likewise 
conform to a reaction rate of the first order. 

'' ,\The decomposition of nitrogen pentoxidc has been the subject of 
numerous investigations by Daniels and his co-workers,* Lueck,* White 
jWid Tolman,® Hirst,® and Hirst and Rideal ’ It is found that from 

I Eideal, iW, Camb l>h,l Soc , 1921, 86. 241 
^ > Smith, J Amer Ghem floe , 1925, «, 1802 

. * X 'Amer Chtm Soc , 1921, 43, 63 ; M, 1922, 44, 2402 , titd , 1925, 47, 1602. 

- * ^ Ibid., 1922, 44, 767. ® Ibtd , 1926, 47, 124a 

, » I Chtm. Soc , 1926, m. 667. ’ Proc. Bov Soc . 1925. IMa. 62fe. 
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"high pressures down to m. 025 mm. the reliction velocity may be 
expressed in the form 

, 24, 7W) 

- , =4-98.10i3e "^’c, 

iU I 

viz. the mean value determined from the data of Daniels and Hitst ; 
below 0-25 mm. the reaction velocity increases to a limiting value at 
considerably smaller ])ressures wlu'ro the reaction r.itt' is a little over 
five times that at higli }>ressures, or 

J 24.7(H» 

- " 2-53.lO'^c C. 

• lil 

a value in close agreement with that given by the etjuation of Dushmaii^ 
and Hideal,‘‘^ 

I ecTiH) 

V'/’c - 2-r)<). lO'V r 
(if 

Between the pn'ssures of ()*2o inm ajnl tin' smalh'r values the 
reaction velocity (‘onstant incrensi's. and it was shown by Hirst and 
Eideal that the exp(>rimental data wen* in agreenn'iit with tin* hypothesis 
that, of the total number of aetivi' inolt'cules [)resent at anv time, viz. 

__ Sfu 

Ni' oiK'-fifth of them deeomjtosed at once, but four-fiftlis of tliem 
had to remain in the active stat(' without sulTermg deactivating collision 
forfbb.Bt " seconds before deeom|Htsition ociriirred, the vi'locity of 
decomposition being expn'ssibh' in the form 

- bits. I .) !•()!),' ‘ 

where P is the pressure in niillinu'tres ami c ' the fraction of the 
active molecules having a life of tl'.b . In ' seconds.’* Tin* possibility 
of the energy of activation being resident in any one of 1h(' five, NO 
group.s of the y> 2 ^h molecule, and of dec(tmposition oidy taking place 
on activation of one ])articular grou]), tin* time neces.sary for the 
energy to leave one -NO grouj) and (‘liter tie* jiarticular group being 
9*5.10 seconds, immediately sugge.st themselves as a jilausible exjilana- 
tion why some molecules reijuire a “ life ' before decomposition. It 
is cl(?ar that the decompo.sition of nitrogen jiento.xide is unimolecular 
in character down to ])ressures so low that explanations on the hypothesis 
of activation by any form of molecular impact are not very jirobablo. 
At the same tiim' the inflowing radiation is inaderpiate to provide the 
necessary energy. 

Wo may note that, if the deconijiosiiig gas were confined in a 
radiation impermeable envidojic, at any moment the rate of decomposi- 
tion of molecuh's with the concomitant liberation of internal energy 

1 ./, Amr. ('hem. Sm., 1!)21, 43. 3117. * Phi Mng., l!12n, 40, 401. 

® Cf. Jeans, Dynamtcal Theory of Oases, jt. 2.>8. 
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yof aQtmtiou would be equal to the rate Qthmatm/of ne^'^c^sm* 
mkculeSi^'fhia rate of decompositiojl and' formation being biff' 
the equation referred to above* Thus; no supply of flOTr 'einer^ ^ 
activation is required, merely a redistnbutiou of. internal epergy^ 
;*among8t the moleoiRes ' " ’ 1 

In the particular degree of freedom, comprising one of the^' 
oscillators in the molecule, which, on activation, causes molecular-^ 
disruption, there is at any temperature, on the average, FT calories. 
^This average value, however, is not the result of equal distribution 
amongst all tlie molecules, but the various molecules differ from one 
another m the possession of different numbers of quanta, those possessing 
such a number that the energy content in this degree of freedom is 
Nh or 24,7fX) calories per grm -mol are said to be activated . 
We may logically infer tliat the energy of activation is already present 
inside the molecules as internal energy, being originally supplied by 
infra-elastic collision, a method which wc shall discuss m the next 
section. We, must therefore examine the various methods by which 
the distribution of this internal energy can be ertected amongst the 
various molecules It is clear that the usual method of redistnbutiou. 
by molecular collision is inucli too slow to effect activation at the 
necessary rate . some type of “ quantum .sprung ” postulated by 
Polanyi^ is clearly necessary, but tlu' meebamsm by which a quantum 
]\b(‘ra1cd by a decomposing moh'ciile is absorbed by another is by no 
means clear 

The data of Warburg and liOithaiisei ^ slmw a number of absorption' 
bands for nitrogen pontoxide between 2 t and 8'7/x, with a particularly 
strong lme*flt 5 81 wliieli is hvc times that calculated from the critical 
energy movement, viz MG/x, the possibility of the redistribution 
of the energy of the internal specific heat by the emission and absorption 
of quanta of small size is tliiis not iiegatn isl by spectroscopic evidence. 
Two difficulties, liowever, have to be oviTcome in this conception. 

If wo imagine a molecule po.s8cs.sing, say, two quanta, it is evident 
that this molecule can either receive another or loose one, it may in 
fact become a creditor or debtor molecule The conditions under 
which a molecule may become a cieditoi or debtor must be governed 
by some type ot fluctuation not connected with molecular impact;, 
it 18 possible that tlio radiation flowing m the system may render 
molecules oscillating m phase with it creditors and those out of phase 
debtors Again, on the assumption ot the passage of quanta from 
molecule to molecule it is necessary that the absorption coelficient be^, 
extraordinarily large, for the inflowing and oflowmg radiation tif 
wave-lcngtlis is but a very small fraction of the number of quantk ^ 
flowing from molecule to molecule withm the system The absorptiokj 
coefficient m those ca-ses must be much larger than those exnorimprii AW* 

' Zeitech f Fh/tuk, lULM), I 337 , tbtd , 1020, 11. 90 , 1920, III. 



we ate jpd;;^ > ,.. ^ 

(in suggested by Su^ J. J: .^fb^^^^pi 

.with one Anothet by Paraday :ttibe8 aloti| < 
^lll<^.t^ “ generally assumed that the quantum^ 

j^^^;8ecti6nal area grows with the Vave-lengtl| ( ^oA*) ; thus,^ the 
;tolume of space swept out by a quantum in its motion inoreaaei 
[rapidly as we proceed into the infra-red portion of the spectrum; the' 
opportunity of collision witli molecules is thus enhanced. Since the- 
wave-length 5*81 u is sonic twenty times that of the resonance Ima , 
in mercury vapour (2540 A®), the opportunity of collision with molecules^ 
and thus the coefficient of absorption will on this view be some four 
Jiundred times greater. On analogy with the case cited by Lewis and'^ 
Smith, ^ the lowest jiressurc at which tlie decomposition of NgO^ has’ 
been examined is 0<)5 mm., which is about one hundred times greater' 
than the pressure at which Wood examined the absorption of the lino 
2540 A° by mercury vapour. A 50 })cr cent absorption would tal:o . 
place in a layer of ca. 0*05 mm. if the eoeificient of absorption w^re . 
equally great as for mercury vapour. If the eoetlicient is four hundred^ 
times greater it is (dear that virtually (;om))h>te absorption of the 
radiation continually emitted by the mohaudes in the gas will occur. 

The theory of activation by collision. -W(; hav(, noted the simple 
radiation theory of chemical action is certainly not tenable, and that 
many drastic amplifications are requir'd before this attractive con- 
ception can 1)0 made reconcilable with experimental data. The 
somewhat arbitrary liypotheses lu'ees.sary for this purpose have led 
many to K'jcct 1)1 (olo the co!ice))tion of activation by radiation and 
to inquire how far it i.s possd)le to assume activation l)^ collision. 
.According to this view, when moleeulcs impinging on one another 
with such initial speeds that tlie availahh* energy in the case of a : 
simple bimolecular reaction between moh^cules of mass m exceeds;, 
4he critical energy increment, or 

they do not suffer (dastic collision but undergo activation and dis- 
; tuption.2 The data of Hinshelwood and Pritchard, on the bimolecular 
^^decomposition of chlorine monoxide,® of nitrous oxide,* and of 
Bodenstein on hydrogen iodide,^ strongly support this view. 

Thus, in the case of nitrous oxide decomposition, the rate is found, 
to be expressible between the temperature range 838'^ K to 1125® K 
jby nieans of the following equations: 

- ; da , 

: ^ A' = 7-60.10‘V2’e RT , 

■ at 

V\ jj; Loc. ® Lindt mann, Trann. Farad. Sac., 1922, 17, 508. 

J. Gkem. 8oe., 1923, 123, 2730. 

Hinrfwlwood and Burk, Proc. Ro>j Svc., 1924, 106t, 284. 

Ztittch. physikal. Chtm.y 1924, 124. 233. 
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CH, 

where 68,4KO cals is the energy of activation ])cr two grm -mols ot 
the gas The rate of activation by collision is given by the kinetic 
thi'ory 

wheie a is the mold iilar (liaiiu'tei 

11 vie adopt a value of 0-3 32 lo ** i m wr obtain for the rate of 
activation by collision 

1^3 20 H)'H/7'e 
ill 

since two niolei iih's di,sap|)ear as the ivsiilt ol cadi siidi (ollision the 
rate ol (ha oinpoMtion is dcaiK 

j 'iH 1)11 

- ' 6r)i) i()in''7'c il 
ill 

a value so (Ios(‘ to that cxpi'riiiieiitallv (ditained that theie can bo 
little doubt that (his hypotlu'sis do(‘S piovidc an .uhspi.ite ccplaiiatioii 
for the nicchanism of binioleciilai leaitions. and that no otiici means 
of adivatioii is reipiircd 

It Ultra-elastic collisions f.iki' phne, it is iiccessarv also that siipra- 
clastii collisions ocdir at the same tunc , thii'', if vve imagine mohs uh‘s 
beeoniing a( tixated b} the ( oiixeisioii ol kinelK eneigv lost on impact 
into denial energy in tla* (piantised ioriii, v\(‘ must ,it the sanm tini(‘ 
])nstiila(e the (oiitaci ol an adi\<il(Ml molecule with a noimal inoledih' 
resulting in the icliberation of the infeni.d mu'igv in the kinetic form 
(a (olliMoii ot the third kind, to (onliniie the somewhat iinsatisfactorv 
classiiKatioii of (‘(illiMon typi's) 'I bus, if the avei.igi kinetic eneigy 
of eai h nioh'i nie before ( ollision be i and oni' niohs iile possess internal 
energy of activation d, the a\(‘iag(‘ kiiieln energy alter collision will 
be (•' such that 

2e'^2r-fc' 

Whilst till' evisteiue ol inli.i-elastn and sujiia-elaslic collisions 
have been well established in a niinibei ol cases ot electron-nioleciilo 
nnjau ts, the e\]a‘iimeiits on ailivation by molecular collision, which 
18 the basis of this mechanism of chemical change, arc* more limited 
Franck and his co-woikers ' have dcmionstiated the transfer of internal 
energy from one molecule to chemical c“nergv in anotln'r by elha'tmg 
the di.ssociatioii of hydrogen molecule's (J‘J -l)(),tKl() tals ) with the aid 
)f excitc'd mc'icuiv atoms I lie\ have also shown that, at 300'^ P, 
"xeitc'd meiciiiv atoms will, when mived with thallium vapour, cau.se 
die c'lnission ol the characti'ristic thulliuiii line, coriesponding to an 
'xcitation of til volts Since the excited atom is only at a level 


i). Zcibi/i J J'L'J 9 JV 
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eorrosponding to 5-8 volts it is eloar that an additional supply of 
internal energy equivalent to 0-3 volt (1 volt fall is ecjuivalent to 
22,9(X) calories) must hav(‘ been supplied by tlu^ infra-elastic collision 
between an ex(ited mercury atom and a normal tl!|llium atotn. 

Reaction chains and the concept of hot molecules. - In many 
photochemical actions llu' Kinstein law of )>hotoc(|ui valence is not 
obeyt'd, and a ready interj)retation of many of these was givam by 
Nernst. According to Nernst, the jihotochemical combination of 
hydrogen and (ddorinr* eonscsts in tin' ]>rmiarv photochemical formation 
of chlorini' and hydrogen aioms from their res[)(>cti\(' molecules, and 
this in turn is followed by a m'IK's of reactions such as 
Cl i H> HCI I 11, 

11,(1 IK'ltCl 

There is sonn' evidenct', due to Xorrisli, that 'JucIi atom chains may 
commence on the walls of the reaction vessel and pioceed through the 
gas phase until the\ strike the wall again I'otli chlorine atoms and 
h}drog('n atoms are immobilised on the walls and may there react, 
with atoms of like or opposite kind We shall have occasion to discuss 
the action of the mechanism and tin' intliieiict' of catalysts on these 
reactions in mori' di'tail in a lati'r si'ition 

Christiansen and Kramers ' have att(‘mj)t('d toi'xteml t his conci'ption 
to , systems in which (iloiii chains are not possibh'. Aicording to their 
view, the product of (h'coniposition of a molecuh' after excitation must 
possi'ss in itst'lt the original ('tiergy ol ('\citation .im<I <'itln'r an addition 
or a (limimition ('qiial to the h<'at of n'actioii if tin' rs'ai'tion b(‘ 
exothermic of value /y p('r molecuh' tin' total ein'rgv ol the [iroduct 
will b(' 

hv r \nir'“ \ > 1 , 

where }n> is tin' ein'rgv of activation, /■ tin* molecular vi'locity, and 
the heat of reaction 

The molecules thus j>ossess nun h more ('iiergv than tln'ir neighbours ; 
the authors do not commit themselvt's .is to how this ('tn'rgy is stored 
in these fresh jiroducts of ri'action, but it would appear that they 
envisagi' the jirobability of •' hot ” moh'ciih's or the energy is in the 
kinetic form These “ hot ” molecules i-an, by impact, activate by 
collision of the .second kind another reactant molecuh', and thus give 
rise to reaction chains. 

The presence of inert gases is frcqui'iitly without influence' on 
the reaction rate and reactions may also jirocced in solution, e.fj. the 
decomposition of hydrogen jii'roxide or nitrogen pentoxide ; thus, the 
hypothesis of kiiietically “ hot molecules would ajqiear to be excluded. 
Again, the vievv' that tin' energy, if internal, can only be handed on to 
a reactant and not to a diluent or solvent molecule, assumes that a 
vibration frequency is common to both reactant and product, an 

* 1a)C. at. 
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assumption that still awatts experimental venfieation The suggestion, 
however, is not without interest, for such a mechanism has been 
shown by Watson in the following manner to give rise to pseudo- 
iinimoJecnkr consf^its „ 

Arrhenius has expressed the opinion that there is a dynamic 
equiiibrimn lii'tween the inactive and active molecules, the latter 
existing in but small quantities We rally consequently write 

= ( 1 ) 


where t',, is the (oncentiatum of active molecules, 

(J,i those ot the inactive moleenlea, 
a a small factor 

If the aclive product molecules aie the mam factor in activation 
tlien the concentration of active molecules will lie determiiUHl liv the 
product of normal molecules C',, and tie' iiumbei of siu b intivating 
molecules 0/, or 

fV--a't'„fV (2)^ 

The (juery then arises, IJndei what conditions are those two equations 
compatible with a ummoledilar ri'intion debned In the e\()ros.sio!i 


We may royiresent oiir reacting system diagranimatnallv as follows 



the best rcver.sibli' expression lepieseiilmg tlie Arili(Miius eipiilibrium 
between normal and active molecules, the second tlie ii reversible 
decomposition of the active molecules, which is assunu'd to take jilacc 
suflicicntly slowly as not to etloct the equilibiiuin i> ^ a 

The rate of decrease of the normal molecules must lie equal to 
the rate of increase of the active inolecMilos yilus the rate of spontaneous 
decomposition of the a molecules into the products 


or 


d(\, 

(U 




( 3 ) 


where is the 
o 

From (1) 


mean life of an active molecule 

d(\, dt', 

<ll (It 


J(\,^ dO, 

dl 




le. (H a)-*S:a(h, 



We have already noted that Mam'lin nhowcd that tlie ratio 


S9.. 


0~ 


K 

Uf 


Tins exprassioTi has be«ni tnodilierl by Kiiistcin ‘ tcVie* form 


C„ 



where P,,, P„ are the <) pi ion probabilities of tie* molecule existing in 
the active or normal state In general I\, -=- P,.. Similar considerations 
hold when the “ normal ” state is also active (r/"). <ir 






(/v -/•’’) 


AT 


where E and E" are the energies of aeti\aiion in each stati*. 
Replacing this value ol -am (1), 


I <l(\ 
d( 


Sr 


I I c 


/; 

Sr ni\ 




since a is small by hypothesis ; and we thus obtain our original (Mjiiation 
which we have already noted as applieabh' to unimoleeular reactions. 

From Kquation (1) we may evidently obtain tJi<‘ ratio of active to 
inactive molecules in the Arrlumius ('(jiiilibriuni mixture from a 
knowledgi' of k and s. For tlie decmnposil ion of nitrogen jieiitoxide 
^“487 . 10'^ and .s-- Id or a tlu' ratio is m. It) 

Sueli a ni(>ebanism as lias been postulated by Obristiansen and 
Kramers leads to the gem'ral exjin'ssion of a unimoleeular r<‘aetion in 
which S is now aeeurately di'lined as the probability that an active 

molecule will decomjiose within the ne.xt second, i r. is the average life. 

It has been assumed for this purpose that the active molecule at 
the moment of decomposition or just after <leconippsition hands on 
its energy to activate a new molecule. Jt is [lOrtsibh* that the jiroducts 
of decomposition which are active at the inonient of ])nHiueti(ui may, 
Jjefore they relapse into the normal jiroduels. likewi.se inqiart their 
energy by collision and thus give rise to n'aetion ebains. Watson 
has obtained in the following manner t,h(! conditions that the reaction 
■ should be unimoleeular. 

There arc two possilile cases which may be repn-sented diagrammatic- 
ally as follows : 

{^) ^ . 

( 2 ) ^ 


^ rhyiiihil. Zeilach., 1017, 18, U1 
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[ji the first (lib)' till' )l('tu tuatod jiiodiicts arii in ciiuihbrmm with 
the activuted jiioduds ( 7 ) C,,' = |SCV whore ^ is small, and, in the 
Hiiooiid disi', the (h'lietivation of the ^iroduets is irreversible We 
can 111 vest i;j;,ite the nature of the reattion m a way similar to that 
indie.iO'd iihuve / 

Case ( 1 ) Ib'MTSible e(|mlibiiuin betwi'eii adive and inactive 
prodnels assumed 

<’> 

and iiiiiiKmif the siinn‘ nh'a to the active iirodiuts. 


Final I V C,r*'^W 

From (7) and (2) 

dC„ 


,ll " dl 

(2) from out initial assumiition 

'll'..' i^'ic: 


and 


dl 


a'Ca 


dl ^ dl 
d(\, 


I 7'C 


" (// 
di\: 
dl 


From ('.)) and (H) W(' obtain 

dV,' NC„ AS't’, 

Hiibst.iliitine ( 2 ) and ( 11 ) in (Hi) we obtain 

d('„ ,,, d(!„ 

y( -I 

dl "1 I /I C„ dl 


{!>) 

(1(1) 

(It) 

( 12 ) 




. the iinimolecnlar constant [\ \ 


.C„ 


1 dV„ V„ I 




C„ dt 


1 1 , 
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since - a and ^ are small compared with unity by hypothesis,' 

K S I f a 'pS ( '((],' i p(\,). . . (1 3) 

If C(, and (\/ are of the same order of mafj;iiitu(iV and small, 

K - 

Thus, th(' nnimolecidar constant is <lir(*etly (>roj)ortional to th<‘ con- 
centration of the moh'cnles fonned hy the elian^n*, i.r. tlu' reaction 
is autocatalytic, 

Tims, an autocatal} tie n>action a\iI 1 he obtained where 


!(' 


1 ./r, 

('j\: ih (// 




cjr, 


Evidently for sucli a reaction to a unimolecnlar constant V„ 
must 1 h' a constant, <»i Irom (7) i\,' must he a constant, whudi from 
(2) see that this is e(|m\altmt to jutstnlatinu the existence of the 
e<iui]ihnum demanded hv Airheimis' 

t'onstant ('„ 


Case (2) In this ease deael i\ ation oi the products is assiinn'd to 


take })1 ice ii reversibly <»i 

^ ^ (1 -> «C ii\ 


As before from (2) 


■ (2) 


d(\, d(\, , , 

■ M df 

(3) 

We base also 

<li 

• • (M) 


where (C is sup]iosed to decompose sj)ontaneously and in a nniinohnuilar 
maniH'r with velocity N'. 

On dilfercntiatin^ (21 as before with rrspect to i we obtain 


froip (3) e(l()) 


dil, 

dl 


a'f.' 


d(\/ 
' <lt 


i '/ c„' 


d(\, 

iU ' 


(Itl) 


dC, , , , , , ,d(\. 

- i >S'C„) ta'C/ 

i.e. ey/C,/)-- fa'N'f',/',/ 

from (2) - Sx’('„C,i' + ydS'(!„(\/ - y"-SC,i^C„', 

1 d(\,oi'(\/l~S + S'-y.'SC„) 
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' 'l%c problem is to hud under what conditions this wliJ he a constant^ 

, Q \ 

If the change a — >- a' is ituich quicker than from a' — then 
and therefore a'C„ ^vlll be small yi comparison with unity, and we 
know already that a'C,,' is small compared with unit} 


Honee 


1 dC„ 


a'(V(S- S')-oc'C/«S', 


since S is much greater than s m the above assumption 

The a moleiules aie m the same jiosition as a radioactive element, 
and theiefoie whim the reaction is ]iioeeeduig steadily (\, is constant 
and the leaition will be nnimolecular again , however, bv (2), this 
leads to the ('\istenee of an Arrhenius m.iss eipnlibrium betvvei'ii .ittive 


and in,n t iv 


iioh'i nh‘ 


" -a'f'n' 


Constant 


In that ease we have as'^umed that the change > id is slow'er 
than the change u -> o' wdm h in turn is already assumed mueh slower 
than the, chaiigi' n - -> a oi n - > it, oi the d(‘, activation of the active 
product ns reipiiied to lie vi'iy miuli sIovv^t than tin' deactivation of 
the active leadanl Such i onditioins ari' evidently fulfilled, according 
to Tolman's (aleulations,' when the (merg) of aetivatiuii of tin' ueietant 
is much largei than the eiu'rgy of aitivation of ihi' prodiut 

WatiSon has suniinaiised tin' lOtuliiHioiis drawn fioin this dev'clop- 
ment of the hypothesis of I'hrisininsen and Kramers as lollows 

(1) If the (Mieigv ol adiv.ition be aeipmed from highlv energised 
reaction products the reaction will be unimoleeular in tvpe only if 
there exists a .simple proportionalitv between the eoncentralion of 
active and mai tne molecules, .is ))ostul.it('d by Arrhenius 

(2) If the deiutivation ol the active products takes place leversibly 
the rc'action will lie, m geni'ral autocatalytie 

(3) If the (hsietivation 1)(‘ spontaneous and irievetsible, the law 
• will be tlnit ot a iininudec iilai reaction [iiovided that the deactivation 

is luueh slower than the loss of energy by the active resultant 

It must be admitted that this attractive conception of chain 
, ipechanism still awaits c'xacd ex])erimental coiihrm.ition 

Active molecules. Although the arguments are bv no means 
conclusive, tlieie are stiong reasons foi assuming that the active, 
-molecules postulated b) Arihemiis aie idontiial with the “excited” 
molecules of the jdnsuist Tin' distortion of the niohmule or the 
"quantity of energy reepnred to send the electron to its new orbit is,, 
' for most eliemieal proee,sses, luufh smaller than those which have been' 
made the subject of ('xpenmental physical research , for, in general, 
the wave-length of the ecjuivalent quantum of energy is confined to 
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infra-red portion of the spectrum. Further, we must assume that- 
molecular excitation may be j>roducod not only by the usual methods 
of absorption of radiation or by collision with a-})artic}es or electrons, 
but also by molecular collision. ^ 

The lives of excited molecules. -Fxperimei.Val determinations of 
the time of emission of radiation have boon made by Wien^ and ' 
Dempster,'- and periods have bi'en caleulated by Milne,* Stern and 
Vollmer,^ Turner ^ and Tolinan,'* Saha," Weipert and Kellermann.* The 
follovsing observed and ealeulated values are ol)taiued : 


l-0;{ . I, 

H.i TvO . 10 “ .. HCI 

Hjr 2-0 10 „ H('l 


I’ltlt uliltcil 

(\ .■•»4*il) 2-04 lO-''soc. 

(\ :{2:uo) O'OITIm.'. 

(\ :44ir>0) 0 -s2!>is.t. 


Tlie experimental values for t for (‘xcitatinu m visible light are all of 
tlie order ol 10 ^ seconds, whilst tlu»se calculated on the eorresiiondencc 
principle incnaisc very rapidly as the oiicrpy of the quantum decreases; 
this iiKTi'ase has nut, Imwevi'r. yi't receiv'ed any e\]H‘riinent<\l xony 
firmation. Since, in the majority of elumtical actions, the eiu'rgies of 
activation involved arc o'latividy small, it, is a malb'r of great im- 
portaiua' to find out whctln'r the long livi's anticipated by Tolman for 
molecules activated by collisions of the si'cond kimi do actually exist. 

The original ('Xpeiimeiital ecpiation of Arrlieitiiis may be integrated 
in the following form : 

i: 

or K 


If C be the integration constant, v*' may be replacisl liy S where 

/■; 

(t-xlog, N, w’hcnce K Sr 

/•: 

It i.s clear that if the term c' kt ri'iirc'sents the fraction of I'xcitcd or 
active molejcule.s, S lias con.seijucntly the dimensions of a frequency, 
and is regarded by many as the recijirocal of tli<' time (t) in.*cessary 
for the molecule to pass from tlic active or excited to t}i(> inactive 0i 
passive condition. 

Others have suggested'^ that this time is not the time required for 
the emission of its internal energy as radiation hut represents rather, 
the average time before a crisis occurs in the activi' molecule. At th** 
crisis the molecule either undergoes chemical reaction or eomracliiceS' 
to revert to the normal form. These crises are jiossilily connected' 

^ Physik, ]9U), 60, .>!>7 . )921, 86, 229. 2 H>c . 4929. 15, 158. 

» Proc. Camh. Phi Soc., 1925, 22, 49.1 * Phymhil Xcihrh , 1919, 20, !83. 

® Phy». Rev , 1924, 2, 23, 464. * Ibid., 1924, 23, 69.3 

’ Phil. Mag., 1924, 6, 48. 421. * Znt»rh. phynkal. Chm., 1923, 1(W, 1. . 

* Dtmhinan, J. Prankltn Iiml., 1920, 189, 515 ; J. Ainrr. Sue . 1921, 43, 403 ; Hi'ctfcAh 
.*f ay., 1920, 40 , 462 
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wit]i thi^ poHit.ioii of tli(‘ ek*(;tr()n iii its unstable orbit, since its frequency 

E 

IS given by the (‘xpressioii E = A7ic, we obtain or K = ve^}^T, 
Amongst other siigges^tions it has t»ecu |)io|)Osc(l that rejiresents a 
turn' jieiiod where v' is a freqiiemy of tiie molecule, but not 

neeessarilv that deiived fiom the Imnperatiire coclUcient ^ It may 
be noted m jussing that 10 seionds, which is of the same order as 
V for lilt ia-\iol('t freijiK'iK les, is also t he coTn|)ute(l ])erio<l of tlic duration 
of an clast i( (ollision 

The energies of activation in the presence of catalysts. A number 
of (ases have been examined on the alteiation of the veloiity constant 
as well as ot tin' ti'inperatiiie coefficient of a chemical reaition when 
eithm le.uting molei iih' possesses dilfeient siilistitiient groiqis or 
vanoiis solvents are em|)loye(l Whilst the reactions aie iindoiibteilly 
comjih'X and dedin turns basi'd mi an assumed simpluitv are ojien 
to orituism, ni'verthele.ss some iiiteri'stmg rehitionsliips have been 
obtained 

Nil oil and C.iin- have examined the rate of dei oinposition of the 
substituted dia/(d)('nz(‘ne ihloiuh's in excess of water aciordim' to 
the leant ion 

iu;ii,N,bi 1 11,0 - -> i{(yf,()i] hN.hci 


The le.mtion is pseydo-iiniiiiolei iilar aiul laii lie expiessed m the 
form 


- ' ''' SV «' 

I dl " 

1 hat a formal lelationship between S and exists has bei'ii pointed 
out by Watson and is evidi'iit from I lie billowing data 


blilistlhi' III, taiiiip I! /' i.iU |)ii s-ini iikiI 


It 

0 CH, 
111 -t'H, 
p.-CH, 
p - S0,[i 
m -NO, 


24 .iOll 

2:., 10(1 
2* 'loo 
27, 000 
28 200 
OO.olK) 


1 ltd 17'tO 

' 14(1 1720 

' I, to 17(10 

; 1,7 () |S(iO 

14 'I l.S'lo 

I 1,7 0 20,1(1 


The value of E likewise eliangi's in the ca,se of the substituted oxal- 
acetic e.steis (EtOt>C t'O - ClIK COOEt) examined by Watson, 
which undergo decomposition in a pseudo-uniiiiolecular manner 

' ( 'linitiiui,^( 11 /(lOi/i jthi/idal Chnit . 0122, 103, 'J1 
- I <'hn>i 011)1, 83 470 
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j .Sub-titlK’Ilt urniip R. 

E JUT ifrrn.-iiutl. 

1 

' 1 

r 

i - .... 

:n,.soo 

l.'HIt 

l\^7 

i ('H“ . 

A'.Mf 

1 ]:k\u 

2411 ! 


400 

11 -.‘{O 

217 

I <'«H, ' . 

44.:too 

imss 

22;} 

Alti'rations in E may 

llkewi.sf' be prodlietul 

when insti 

■ad of altering 

the molecular struetun* 

of the reactant, we 

change tin 

' solvc'iit, the 


itiHurncc' ()l wliicli shall discuss in a snhsiajuciit seel ion. I’lio 
following tlala, calculated Inun ('o\. on the atlditiou of aiiihuc to 
l)roniaccto])li('nonc,' may be cited in tins coiincctum : 


Snlwill 

/.'i.iU 

h .17 s (■ 

<’dt„ 

s.oss 

•OOOOS.') 

(VI,}! 

1(1.7(10 

•ool.sU 

(',11, .NO, 

1.4,170 

•ol.T) 

('H,('()(’H, 

1 l.o.so 

■07(14 

('„H-,{'ll,OH 

1 1,200 

•0110 

N. hut \ 1 all ehol 

)4,0(io 

O.'mO 

Ktli\ 1 alcoliul 

l.'l.oio 

•0(12(1 

Metiivl aleiilidl 

12,110 

07 IS 


Similar alterations of tlm < ritual iiicii-nu'iit with the solvent 
inav be noted m the data, of von llalban - loi tru“th\l sulplime bromide, 
ami of Dimioth on the decomposition <tf the nietlivl ester ot benzyl b, 
h\dro.':v I'J.'). triazole benzoate 


Dt'dllllpnsltinn 111 'rilcllol ''lll|•llllll■ nininl.lc. 1»M Kill iil till llH/«i|r ll(M/nii(t' 


soU 1 lit 


/. i.ii- 

•'i.hi 111 

E . .iN 1 

Nitiolieii/elii' 


2S..4.40 

1 \(c(ollo 

20.110 

'retMchloletli.me 


;{o..40o 

Kth\ 1 all otiol 

ho.illo 

]s(i-aniyi alcohol 


.UJoo 

('hloiofoiiii 

.‘I."), 120 1 

N. jiiojiv 1 alcohol 


:t.4,7.')() 

1 

1 

JtciiZN 1 alcohol 


7.“*, 020 

, 1 


AVe not(‘ that 

the 

energies of 

activation are definitely 

alfeeted by 

(olvents ; it is 

for 

this reason 

that the theoretical ei 

uisiderations 


advanced in the preceding jiaragrajdis are of imjiortanee in tlm study 
of catalytic reaetion.s liotli homogeneous and lu'terogeneous. Evidence 
is slowly accumulating tliat it is to tlu‘ catalytic agent that we must 
turn if It is desired to reduce the imergy increment necessary to ])roduec 
* J. Chtm Soc , 119, 111! • 373, 330, 1410. 
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. a' cortaiii reaction jiroceas. In all probability the initial p’focess in 
the catalysis i.s a di'forination of the structure of the molecule by 
association with the catalytic agent, either as a molecular cqmplex 
or comjjoiind m homogeneous catalysis or as an adsorbed atom or. 
molecule on a conti/ct catalyst That .such association materially 
i. alters th(‘ energy rc(|uin‘d for reaction to occur is to be concluded 
from recent studu's m tlu' domain of photochemistry, and ('specially 
in the hvdrogeii-dilorim' combination An examination, by Oochn 
and Ins (O-workers,^ of tin' insensilivity of dry hydrogeii-chlorme 
mixtures to visible light has indicated siidi a conclusion They have 
shown that wIick'us moist mixtures of thi'S(' two gases are photo- 
sensitive m the bliK' ri'gion of tlu' siieetrum, the gas mixtures in which 
the water-vapour pK'ssure 's of the oider of lO''^ mm are hrst sensitive 
in the iiltrn-violet n'gion bi'low’ A = .'10(JU A’’ The ('nergy quantities 
involved ari' respectively aliout 52,500 cals m the water catalysed 
reai'tion and 1)1, 5(K) lals in the non-cat aly.sed nxiction 

Homogeneous reactions m solutions.— The ( onsideral ions advanced 
m the pieeedmg si'ctioiis imiv be applied to the tnoie complicated 
cases of lupiids \Vt‘ liav’e noted that imiinoh'cular reactions in gas('ous 
systems aii' ('xtremely rare and must condudo that the same is true 
in sobilioii . tlnis, e.ises of dynamic isoineiusm, ec/ aeetoaec'tio ester, 
cannot be satisfmtoiilv ('xphuiu'd on the h^potlu'sis (d an iiitra- 
molecnhu lead 1011 , allhonyh this view is still mamtamed liv some 
investigators In solutions, alsc, complexes or solvates m.iy he lormed , 
the studv cf hiinolei nlar read ions m gases induati's a ])o.sMbility that 
the n'iidion of taiitomeiie diaugi' may taki' place thioiigh adivation 
by tollisioii lietween solvent and soltili' mohs iile, hut as vv(' shall note, 
the entieal eneigv meremcnl. is high and the reaction vdodtv negligible 
at ordinary tem|»(‘iatiiri's It is for this reason that it is jirobable 
that most reactions m solution odui tliiough the inteimediary of 
ternaiy tomplexes, readant, solvent, (alalysl In older to justify 
this point of view, we must di'termine the evuh'nce m favmir both of 
the ('xislenei' of such comjilexes and also W'liy sin h comph'xes are more 
easily lutivated and thus undergo reaction more readdv than the 
simpler binary constituents also prt'sent in the system 

To obtain some nh'a of the meclianisiu of .such reactions we must 
examine both the form of the reaition velocity eoneentialion relation- 
ships and the inlliience of temperature on the velocity eoelhcient. 
It 13 found m the majority of cases that a reaction jiroceedmg in dilute 
solutions aeeordmg to tlu' eipialion 

<1 I li -> (/ 

pioceeds at a velocity that is projiortional to the bulk concentrations, 

‘ Bi’r. 1923,56, 138.0%, /fio,A pfuriU C/inii , I'I23. 105, .130. 1921 110, 70o, 
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In more, concentrated solutions this equation fails. Whilst Arrhenius, 
‘^Ostwald, and Euler noted a parallelism between the reaction velocity 
and .the osmotic pressure of the reactant, the more precise conception 
of thermodynamic concentration introduced by (1. N. Lewis has, of 
later years, been applied to reaction velocity's by llariu'd^ and 
McC. Lewis, ^ wlio suggested lliat, in lieu of <'oncentratiojis, the 
activities or thermodynamie concentrations of the reactants should 
be employed. Tlie equation then ln'comes 

where f„fi, are the activity cocllicicnts of tin* re.icianls. 

Briiiisted^ assumed that tlic reaction would [.nxrcd hy the 
formation of an unstable intermediate complex {ah) winch underwent 

rapid decom])osit ion to the products c or rn h -v(no) -vc. 

The a.ssumpiion tliat the velocity of reaction was del t-i mined l>y 
the ratio of tlu' activities oi tln^ n'aetanls to that of tlie pnxhicts 
leads to the eimatiou 

'i 

Bjernim has criticised this e<|uation * from two i.oints ()f view. 
Whilst the insertion ol activities in lieu of actual coms'tji rat ions may 
be justifiable in svsb'ins at, or close to, ('(|uild)rium, it' is proba) y 
erroneous to assume that llu' numlx'r of eollisioiis m a system under* 
^roiiig reaction is inlluenerd by tin' aetivitu's, allbou.iili tin' iiumbor 
of ('h'ective collisions may lx* (h't-Tiuine.l by tin- iactor A'^ain, the 
rate at which the complex (ah) uinler^o.-s reaction is not d<‘monstrably 
influenced bv its potential; thus, m radioactive transiormatioii the 
rate of decay is uninfluenced by the activiiv of the sy.stem. 

Bjerrun/ assumes that the reaction vebxdty is ]>ro]x»rlional to tlie 
concentration of tlu* com])lex ah, nr 


According to the law' of mass w«* o)»tain 

W)(h) foh, f- 

iah) fioi) 


where K is the mass action equilibrium constant. 
Ho nee 


(hr y{a){h)f<,fh 

fll fU) ‘ 


‘ Anur. Ch^ni. XW., IIUS, 40, 1401. 

2 J. Chem. S»c., 1920, 117, II2»: 1922, 121, 101.1. 
^^Zcitach. physikd, Cliem.. 1922, 102, 169. 


4 Ibul., 1923, 108, 8S. 
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CH 

On tins view the n'actioti velocity i.s defnied by two terms, the 
conceal lution iiml tlie stability of a com])l('x The existence of such 
complexes in solution, c f/ of I'slers and acids, sugars and water, has 
been fully denioiisl rated by the work of Kendall and his co-workers 

The aition of lalAlytic agents in aeceleratiiig the reaction velocity 
of a typical lioiiiogeiKsnis leaetioii is due to the formation of a new 
complex presi'iit in dillereiit anioiint and of difterent stability to the 
ongm.d Thus, in the above leadion, it a latalyst of com eiitration 
c be added, the leai lion velocity will b(' expressed by the e<piation 

'S 

'll J,.,. ]U) 

Whether ,iii\ reaitioii pimeeds in the abseiuc of a (.Italy tic agent, 
rij the miitaiotalion ot sugais oi the isomerK i hange of nitro-cainplior 
or aieto-melie ester,' (aniiot, ol (ourse, be \eiilied experimentally, as 
lesiilts eilliei positive oi negativi’ .lie ecidentlv sllsieptible todltlCl.sm 
An ex, mill!. it ion ot the t(‘m|)er.ituie (oelheieni of lat.iKsed le.ictioiis, 
howexei, leads one to iiitei that man\ riMctioiis \ iitu.dlv do not proceed 
at all 111 the absence ol c atiil\sts 

The extremes ol the tempi'i.ituii' ( mdlu leiits ot such (at.ibsc'd 
reactions .lie louiid to lie f I'l bii the li\drol\sis ol c.ine sugar 

in the presi'iiie of liydioi hloin .n id, and 1 loi the li\diol\sis of 
methyl .11 (date in the pieseiiK' ol (.iiistu sod.i, ( oiiespoiidmg to 
eiieigies ol .utiviilion ol ‘JtidKiO ,md 10, Mill) i.ils pei giiu -mol 
lespeidnely Sime the ( ('iic(‘nl i.itioii ol the tein.iiv (omph'X (idx) 
must be inmli h'ss than (rih), it m de.ir lioiii the .iiigmeiil.itioii of th(‘ 
Veloiity piodiiied on the .iddition ol tin' latahsl tli.il the tragilit\ 
or ease ol dei oinposilion ot this lein.iix (oniplex must be niiuh greatei 
than that ol the binary minplex (n/i), .uid tin' energv of .ntivatioii 
(orrespondinglv h'ss W’e h.ixe noti'd that in i.ises ol bimoh'eulai 
gas K'.idioiis, wheie aelix.ition is c.iiisi'd b\ (ollision, the ri'action 
proceeds lelalnely' rapidh wdien the eiieigies of adivation aie not 
too large, as exemiilltied m the following dat.i olil, lined b\ lliiishelwood “ 



1, 93, im 
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reactions to take place in solution at onliiiary tein|>eraturcs with 
measurable speeds when the energies of activation are small; the 
temper.ature coeftieienta of the catalysed reactions indicate that the 
energies of activation of the ti'rnarv complexes are of the order 
anticipated from analogy with the lioinogem'ous kinelically activated 
gas reactions. The bimolecular reaction n ^ fi ~ v c. on the other hand, 
evidently n^piires a much Iarg<‘r energ\ of activation, and will thus 
proceed at ordinarv tem)>eratiires at rates (omparable to, s.iy, the 
decoin}mMiion of nitrous o.xide or tin* union of hydrogt'ii and oxygen 
at low tcmperatIlrl'^ We may conclude that binary com]il<‘Xes may 
b(‘ formed, Imt reaction does n(»t neci‘ssarilv result . thus, in the 
interaction between <'th\lene an<l hvdrobromic acid, tin* coinjilex, as 
shown (f'jH, . IlBr) by Maas, is presmit at low temperatures in ri'latively 
large (piantitn's. but ethyl bromide is not formed, presumably owing 
to tin' large value of tln‘ cntical (uiergy iiu'i’enient 

The stability of intermediate compounds. In tin* foregoing dis- 
cussion it has been >bow n 1 hat t he nn'chanisin of rea«'t ion in solutions (‘an 
be most readil\ inlerpret(‘ti on tliecoiiec'pt of unstable mlernn'diatt' (mm- 
ph'Xes. Thus, in the reaction a ' h tl eafalvsed by tin' catalyst c the 
formation of comph'xes bv a sern'sof naictnuisu i h -v (uh). ab \ c ~y 
(u6c) IS ]Mi,Mulated \\ hiUl reac tion may take plae** without the catalyst 
by th.-rraolion „ , 


it would appc'ar that the energies of act i\ at ion art' so large that sui'b 
rcactnms dtt not occur ui b(|Uids at oivlinarv teinpt'ratiires and the 
usual nns hanisni i'^ n • b -> (uA) . (db) ^ e - {<tb( ) - > <1 ♦ c, t In' com- 

plex {((be) b('ing ver\ iinstabh' and t onse(|Uentlv pn'Si'iil in solutions in 
sub analytical ijuantnics 

Whilst the i)rcs('ncc of binary toinplexcs in stiong solutions can 
be readily demonst ratt'd bv the \anoiis met hods eominotilv ('iii|)loyed 
for this purjKise, the ideiit iheation of the lernarv complex which is the 
one actually undergoing tin' chemical change being measured is not 
such a simple matter; for, to take a spt't dii' exanijih', wt' are liy no 
means justiiied in tin' assumption that, siine Kendall has demonstrated 
tin' ('Xistence of unstable eompomnls of ibe type llCOOIt' . IIX, tliat 
a complex KCOOR'UX IIX) is tin- actual intermediary corinilcx in 
catalytic hvdrolvsis. 

Attempts liave been made to identifv lliese unstable comph'Xt'H 
in tw'o ways, XVe may either iiuu'stigati' the functional n'lutionsbip 
between tin* reaction velocity ainl tin* activities of all tin' possible 
reacting species so as to obtain a general expression of the type 


dr 

<lf 

or we may devi'lojt, from preconceived liypotlicscs as to the stability 
of molecules of difTcrent configuration, a structure that will be readily 
susceptible to the reaction de.sired 
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' As ail example of the former method may bo cited ihe ease of, 
hydrogen ion catalysis in a number of reactions Such as the myersioo 
of sucrose ^ This reaction may be regarded as proceeding through 
the formation of a lernary complex (sugar) ■ (water”) • (D), since, 
the real turn proceeds at a velocity directly proportional to the activities 
of the tuo solutes of the system, uncertainty, however, still exists as 
to the 1iU(* value of v for the solvent, wdiich different observers evaluate , 
at from 2 to fi AVhilst the activity of the hydrogen ion m solution 
may be determined by various methods,'"^ or calciilated from the bulk 
conienti.if ion of reactants with the aid of the equations developed by 
Noyes and Falk,'* Lewis and Liiiliart,'’ Broiisted,^ Iljeriuin,® or Debye 
and we cannot from this relationship alone determine whether 

till' hydrogen loii forming the reaction romjilex is hydrated or not 

Since the equilibrium f'l l nlljO (I'l 1 /II 2 O) or I’f 
(H nff^O), where (Hh-n, may be set iij) 111 the system, evidently 
cithei form of the hydrogen ion is available to foim the reactive complex 
The invi'st igatioiis of Lapwoitli ” and Daw'son,'' as well as the nuriieroua 
experiments on neiitial salt a<‘tion (see ji I7.‘}), have made it more 
than probable that it is the unbydrated or the leas hydrated form of 
hydrogen 1011 is the activi' agmit 

Again, vve may note that the solvation of sucrose vanes lint little 
with fill' temperature, or tlii' value of (oh) will be constant over a coii- 
Sldernblc range of temperatures The inllueiiee of temperature on 
the reaetion veloiity wall thus be largely aflecfed 1)\ the change m 
the concentration of the active form of the hydrogen ion with the 
temperature, a (oncliisioii armed at by Hice 

Amongst other examples of 1 his method ina\ he ( ited the dei omposi- 
tiori of acidylelilorammo Ix'nzene in t he jirosenci' of livdroi liloric aeid as 
a catalyst examined by bivott ’’ and llarned and Helz,'“ and of hydrogen 
]ieroxK!e m the presence of livdrohromic acid examined by Bray and 
Livingstone,^® where the reaction velocities of the riMctions are ex- 
pressible m till' torms 

(I) -*-(('HiiKO’)nVo'. 

(21 - * ((l(H)(l!t')/II/Hr 

' Haimd. J Amrr Ch,m .s« , I'll.'i 37. 2107, ilml , I'llfl. 40, IK.I . t'alcs and Molfell 
ibtd, I'l.M, 44, 2072, MiC I, (Hit luul ('orrnn, d,nl , 1021. 44, 1073, ScaUhard, \hiil , 1023 
45, 1580, MiC l/'HiH and .loix'fl I ('hem Hoc 1920 117, 121 

^ LrnviH and lUndiill fhernuxl'iniutnis ’ J Anifr Chetn fhic , 1010 32 1011 

* J Aimr (%m S,h , 1919 41, HIT) ‘ ./ Anur Chm So, 1922, 44, 938 

* Ziil'ch f SkUrocliim, 10|8, 24, .121 ^ I’hi/'-dal Zulich . 1923, 24, 185 305 

* ./ (%<>,) XV, 1908.73,2157 “ ./ C/icrii Sor . 1011,991 

J 4m, r Chem Soc 1021, 46, 28n8 /JfiHrA phi/siLal ('hem, 191,3, 82, 201 

J Anier Chrm Soc. 1922, 44, 1481 ” J Amn Chem X’oc, 1923, 44, 1261,2048. 
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More specnlft^h^e in charactor is the second method of approaching, 
question from the supposed electrical structure of organic com-' 
'pounds. The proldein may be exemplified in the case of the com*^' 
binatioii of ethvlenc and ehlorim* or bromine. At low temperatures 
these gases do not react by bimolecular collision.’ Undoubtedly 
compounds arc formed on collision of the type (UjH^ . Br^), but the^ 
energy of activation is so high that combination to the dibromide 
does not occur. .\t high temperatures it is jirohable that true bi- 
moh'cnhir reat'fion might result. 

This reaction is. however, reailily (‘ataly.sed by surfac(‘.s.“ and it is 
found that “ polar " surfaevs are more efTe<‘tive than non-polar surfaces ; 
thus, parathn wax is, as sliown by mon* recent unpnbli.shed experiments, 
(|pite inort as a eatalv.st, a water or ammonia film is more effective 
than ci'tyl alcohol, wliieh. in turn, is .somewhat less effective than 
stearic acid. Although it eaimot be dcfimtelv stated on account of 
our lack of knowledge of tlu‘ .structure of flu' .surfaces that “ polar” 
groiqts ])ossess (lilf('ieut activities, it is clear that the " polar groups 
are more clfectivi' tlian non-polar group;s. This ooneiqition is an 
excm|)litieatiou of the idea origitiallv puf forward by Armstrong^ 
that ehi'mical action is reversed eh'ctroly.sis Whilst if is clear that 
the catalyst lias lowi-red the critical em*rgv incrermnit necessary for 
the union of flu' gases, the hypothesis «d Armstrong w'ould leail us to 
antiei]>at(^ that the structure, of lh(‘ ternary complex, gases-snrfaen, at 
the moment of formation must be similar m eh'ctrieal properties to a 


cell. 

Our ideas of the electrical structure of complex organic molecules 
are at the iire.sent time iirnlergoing rapid change's, and on such 
subjects as tli(' transmission of ” polarity the dissociation constants 
of organic acids, and tlie .structure of double bonds, opinion is sharply 
dividi'd.’ The following considerations may be put forward as a some- 
what general expression of method by which it is hoped that an adi'quate 
understanding both of the nature and .stability of these catalytic 
comjilexes may be ultimately arrived at. The conception of the 
catalyst in liquid reactions as a charged ion leads us to consider 
that it is not alone the kinetic impact (»f collision that ctfects dis- 
rujition. but that, m addition to the energy supplied by kinetic agitation, 
which solvent yiolecules could supply ('t{iuilly well, an electric dis- 
tortion of the molecule is produced simultaneously. Indeed, it would 
appear that tlii.s electrical distortion produced, or the electrical work 
done in approach, is a much more important factor than the kinetic 
fao’tqr. There are few catalytic homogeneous gas reactions, owing to 


1 Stctt.irl nnd Edlua.l, ,/. Awer ('krm. S,m- . I92.3, 45, lUM. 

* SU'w.irt and Rdliind. J. Am<>r ("hfim Snr., 102.% 46, 1014, Norrihli, ,7. Che.m Sor., 1923, 
123, 300«. 

■ » J. Vbnn. Xoc.. iasr>. p. 31) . thul . 1893. p. 145. 

* Sec Tran-n. Farad. Soc , 1923, for a r»'-.‘*uinc of the subject. 
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t}i(‘ absence of electric effects The catalyst must thus form a transitory 
highly reactive cheimeal com|joun(l with the solvated reactant 

Saturation of a double bond. -tSince the doiil)le bemd in the ethylene 
molecuh* is broken when the dibromide is formed it is assumed by 
many, especiidlv bv bowrv. that actuation (onsists in the breaking 

ofadoiibh 1)011(1 to lorni a polar niolec ule CH.^ - <TI^ On the assump- 
tion that tlie \aleiKV electron of the bond forms a biniielear orbit this 
process may la represented dnigiammaf leallv as follows 




CH, 


In the ease of substituted uiisy'miiK'trii al (dlulene inoleeiiles we may 
C(‘pres( nf the rii[itiire on this point of view 



where H, the siilistitiient group, lenders the group KCll mote eleetro- 
negatue than Clin 

It IS found, howi'ver, on the' addition ot sulistanees mk h a^ lll?r, that 
two eompoiinds are alwav s formed, IlCHn Clljlr and PCH Ur ('If,, 
and foi (his reason it has been suggested that (lie evcifed or actuated 
ethyleiH' molecule is not necessanlv ' iciiiisecl but that the electron 
travels round (lie two nuclei in such a way that it tetnaiiu foi a longer 
time in (he orbit of the KCll than of the Cfh group a view which can 
be (liagrammatiealK pic'seiited as follows 



Thus the (oinpoimd will ht' osullating in " polaritv ’ .u llu' electron 
moves m lt^ oibil round on<' focus to the other, but the HCH will 

exist loi a longei time Ilian tlie CTbj, and tlie ehance of reaction by 
collision in this form thus more favouiable As m tlu' ludrogen 
ehloniie eombmatioii, the lialogcm luoleeule is more easily c'Xcited m the 
prc'scmee of a jiolar molecule such as water Reaction thus ('iisiies 
between the ethyh'iie and the halogen through the ageiiev of water, 
primarilv by stabilising the active form of the halogen which reacts 
with the ethylene when in one of its jnilar forms 
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The activaU'd (‘oin[)lexos on this view would he rej>rosonted dui' 
graiuniatically 

ltd! (’1 U(’H (1 

H..0 and 11., 0 

('ll, (1 ' (’ll, Cl 

Contrary to tlie orntmal >uug<‘.stion «d ionising the d«-ul)]e l)ond linkage, 
(hi* eatalyst nn-rely a^^hts in aefi\ating (he halogen or halide, and by 
forniing a ioni|ile'\: with n which jio'ist'sses a Miialler energ\ of activa- 
tion 'I’his view (‘mild he put t(t evperinieiital j>ro()f. lor catalysts 
should not alter the ratio of tlie two products f«>rnie(l on tlie ad<lition «>f 
lialide acids to asviuinetric sul)^tltute^l ethylene denvative.s. 

The hydrolysis of esters, laiwrv ’ has devehtped. on tlie conct-ption 
of loni.'i.it KUi of the doiihle Itond referred to aho\e. a nicchanisin to 
interpret the hydrolsM?' <»f enters hy h\drogen or hvdro\yl ions. 
According to till.' \ lew the action td tlie.se catal\sts on the <‘ster can 
he diagr-uninat K al!\ rejiresiuited as follow.' 

0 

I 

. ('ll, C 
OH' I 

0 

1 

► ('ll, (’ -0 Kt— > 

H I I 11,0 

oir H 


cn., (' 0 Kt ^ cH,c(ton ‘ Eton 1 11,0. 

'll 

OH OH 

The filiation of the catalyst is to convert the eloH<‘d form (1) of the 
ester int(j the amphoteric bipolar moleeule (2) by (u) direct addition 
first of the catalvtu ion. {h) attraction of tlie. ion of opjxisitt' sign, thus 
clTectiiur the addition of tlie elements of watiT. 

A slight luodifieation of this view woul<l be more in harmony with 
the ideas already referr(*(l to. We may regard eapially well the jirocess 
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H “ CATALYSIS IN THEORY AND PRACTiqE 0|. 

of solution of an ester in water in the absence of a catalyst as effecting 
the formation of a ('ornfile’c <‘ster-water, according to the scheme 

0 011 H 

!: +iillA) I I 

('ll, C-OKt -> ('ll, (' -0 OKt 

I I 

Oil OH 

The uiiliydraled or less hydr.iled form of the eatalvtie hydrogen or 
' hydioxyl ion can by im|)aet, lorm an unstable eom|)|e\ which breaks 
down to acid and v\aler and hydrogen ion again as follows 

I, 

OH 11 011 II 0 II 

II, II t I 

(JH, (’- 0 KM 11 -^('11, (' 0 Kt ->('11, (' vO Kt 

II II It 

011 OH Oil on oil OH 

(1) (2) H (.‘5) II 

0 

ll 

-V [l I ('ll, 0 f Eton I 11,0, 

I 

OH 

whore the arrows in {.‘1) indicate the passage of the election effected 
by the collision of the stable mohsnie (1) with the highh actne charged 
ion In a smiilai manner we may write 

I 

Oil 

OH H OH II 

II ^1 

CH, (' 0 Kt , Oir-->('ll, (' 0 -Kt 

'll II 

OH OH OH on 

> n.o I ('ll, coon i-Ktoii i oir 

The c'atalytie aeti\it\ of the two ions is, on tins mcw, to be ascribed ' 
to the stable watci-csft'r complex (1) being cliemicalh reactive, tlio 
catalytic ion being attaclu'd at one point of the molc'ciile and one 
being ,subse(]iieidl\ liberati-d at another point There is defimte 
evidence for the rnjiid ludratioii of e.sfer.s and sugars in aqueous 
solution, the magnitude of wdiieli is, however, no eriterion of subsequent 
speed of hydrolysis or inversion and it is to this complex that the 
eatalvtie ion is uddcsl, anothi'r ion leaving the molecule at another 


(»ll 

11 

to H 
t I 

M'll, ('<- 0-Kt 

I f 

Oil OH' 
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at the moniont of dcconiposition. That ostorH may he ri.‘gartjtHl . 
as amphoteric electrolytes capable of uniting with both hydrogen ami 
: hydroxyl ions was a view originally juit forward by Knlcr (sec Chapter 
XIII.), who has been able tt) measure both the acid and basic dissociation 
, constants in a number of s ases Whilst Knler's inxs-stigations afford 
a clear argument why the formation of the complex ions from the 
ester with either of tlic catalytic ioiks of water oeeiirs. tlie n'asoii why 
these are particularly reactive can only be arrixed at from spt'ciilatious 
and considerations of tin* nature aln-ady «iiscuss<‘d. Many otluT 
examples of attempts to formulate the nn-ehamsm ol the n'aelion 
and to account for t In* instairility of the comjdexc.s hax c been inxa'sf igated 
in tliis way, such as the rniitarotation of the sugars .tiid the decomposi- 
tion of the chloramine'i 

The most detjulod examination of a e.iM* of ]ionioL;<*neoiis naiefion 
ill which anions rxert a eatalvtte action has bren ma<le hx Hronsted 
and lh>d(‘rsend who inxi'stigaied the (alahlie d<M ompitsition of 
nitramule 

Nitramide dceomposr-. in solution aeiording to the reaction 

1LX,(>, -V 11,0 , N.O; 

the decomposition is strongly catalxscil bv anions ,\hi(h may hen* be 
represented as liydrogen ion acceptors and the im'ehanisiii <d reaction ^ 
depicted as follows : 

ifoN./.), i (A'f'l) : IINVV- " ^ 

In aipieous and in sliglilly aeid solution nitramide undergoes a slight 
deeomiiusitiuii xvhieh is unaffected by the n.iliue or strength of the 
acid prosiMit ; this spontaiifons deeompoMi ion may bo regarded as a 
measure of tiie iiasicity of the water xxith which the nitramide reacts, 
according to the reaction 

H.N.O, t-IL^O > H/) • 11X0.' . 11,0 i oil' I N,0. 

If the concentration of the nitramide be r the reaction yeloi'ity in 
aqueous solution xvill be 


In th(‘ [iresenee of a catalyst of concentration e we (d)tain 
, I r u, ( j , 

(It 

or bv - II , 

^0 

In aqueous solution it is found to be -OtHl.'iRj at IV ('. xxith a half life 
of 13’2 hours. 


ZfitKh. phyttk'iiJ (’htm.. |!I24, 108, 
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BronsC'd and P<“d(TS(‘ii liavi' examined the catalytic activity of the 
uriionn of a mindier of oryaiin acidh by deterniinine tlie rate of reaction 
in the [iieseiK* ol tin'll salli, tofrether with Mifficient add to prevent 
till' fonnation of h}dio,\yl ions by li\drolysis of the salt In the 
following tal)le aie <,nv('ii the eatahtn a( tivity of the anions investifijated, 
to^'ethei vvitli tlie dissociation conHt.uits ot tin* adds It is interesting 
to note an enipirual lelationship between tlu'si' two jiroperties 
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They liave also extended tlieir in\esligations to the anions of the 
poKbasie adds Thus, in tin' ease of salts of dibasic acids there are 
pieseiit in solution two .inioiis you'ined b\ the <'i(iiilibria 

ii,\\“^ri I II V' /.j 
ii\'^.M"'ii /,, 

the vi'loeitv ol il(‘dinijK)silion isanordingl} given b\ the expression 
log - \L I /.,c ^ I ////, 


where // and /." are the ealalylie d)nslant> of the anioiiv HA' and X" 
respei ti\( K 

Th(' results obtained were t xeeediiiglv interesting in the light of 
the [irobabilitx ol dissodation in the two st.iiies 

II we compare the dissmiation ot the two acuB.caiirvlie and suberic, 
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we niav regaid the lesiiltanl dissodation constants which stand 
in the ratio ol I 2 from .i purelv statistical point of \ie\\ We 
can assume that the organic ions of each acid are eipialh hvdrophilic 
m ehaiacter. the prohahilitv ol each acid losing a hxdrou'en ion from 
one carbowl grou|i and its rec ombinatum liemg eipial The dibasic 
aeicl, liowexc'i can lose a hvdiogcm ion trom eithcn earboxxl group, 
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but combmation can only occur with the group which has lost the ion ; 
in consequence, vv<‘ might anticipate that the ilissociation constant 
which repn^sents the ratio (»f tln‘ spe<ais of (li!>M)ciation ami recombina- 
tion would b(‘ twu'.‘ a.s great for the dibasic acid as for the monobasic 
>’ecid, a coiulii>ion justifit-d by tin* c\j»ertmental data. If we now 
compare tin* monobasic acid with tin* dissoi-iation ot tin* dibasic acid 
in it.s M'CfUid .stage. 
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ami again a.ssnme tin* two ions to be <‘<|iiallv h\drophilie in (liaiaiter, 
it is ch'ur that tin* probainlitN of vlis.sociatioii lor eimh add is idenlical, 
but fin* ciiance (»f re<*oinbmation is twne as gical for the diiiasic acid 
as for tlie monobasie aeid Wt* ilms obtain what may be leriiied a 
statistical factor regulating the degree dl dissoi lat loii of p«tl\ basic, 
acids in which tin* unions aie eipiallv h\drnphiln These laelors are 
shown in the following lai)le 

IHsMM i.ni'in si ill, In .g i uidt u 
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In the light of 1 hi'se ronHiderations the data of lironsted and IN-derscn 
for diiiasic acids and tin* tnbasie phosjiliorn and show a n'lnarkable 


uniformity 

a,s IS (•]( 

ur from tin* 

following 

tabic . 


\t i.i 

A, 

)/ /. 

k ( K A 1 ' 

A, 

1. /, k (kA'j)'"' 

* Phosphnlli 

s-'.i 111 - 

’ oa>o7'» 

»; :i lo * 

1 U lo " 

1 sC. 7*‘i |o-“ 

Tiirtare 

'1-7 lo- 

‘ \ o-o:ii>:i 

n-a to * 

:i-7 lo '• 

1 O'Km trg 10 ** 

Sin 1 inn 

U’.l lo 

* \ o-;oo 

i.-o lo '• 

j*i m “ 

i l-su O-'g 10 •' 

• Mall. 

t*o lo 

‘ ), 0 070, } 

Ci-l PC'* 

n-'.i K) '■ 

g 0-72 r.-s 10 f* 



.Me.ui Vdliii- •» - lo ■' 


M( .Ol \ nine 0-4 10 


It IS clear that the eatalytu* decomposilion of mtramidr* in the 
presciKc of the salts of various polybasic adds permits ns to olitain 
information on the statistical factors ol these acids as well as their 
dis.sociatnm constants. For tin* dissociation of non-syrnmetrical 
dibasic acids, tlie effect «)f a.symmetry on the statistical factor might 
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b<' (lotcrtmiicd fioin (‘xj)priini,‘iital values of k", the catalytic corist&rit 
of the dilmsK .uiioii, and the value (1 2 10 ^’ of the roiistant 

The iih'IIksI |)entii(.s (d sevcial interesting appliealions Thus, 
fin} ha\(‘ inv(“,tigali'd a tvjiieal |)seudo-acid lu the foim of mtro- 
urelliane uIik h, as slnivMi h\ [^ant^^(h,' (an exist in two lorriis 

NO, Ml COOtVls^'^fUiiOOC-N-N.OOII 

tli.iiu ISinDlirtllwiie 

The add fmin can uiideign dissoeiation yielding a catalytic anion 
C.dL, ()()(' N Not)', whnh was found to vield a catalytic constant 
ol 0 (!()()() Fidtii (ondintivitp data the dissonation constant K is 
found to he 1 ,‘i It) '^'heine tin' e(»nst(U)t /A'® ly found to be 
J OiH It) ’ 01 sonic SIX limes smaller than the valin* obtained for the 
othei adds l( niiisl be ronilinhMl that the tiiie sfiength of the acid 
nilroiireihane is soiik' eighf times greater than the value observed 
Wllll tile [Iseiido .itld ill solution 

Again, siiid the dec oni|iosition rale ol niliamidi' is di'jiendent on 
the pii'sdKe ol hvdiion aid'plois in llie solution, all substance's which 
film lion as b.ises in this si'ii.sc' aie ( .ilalvln ally active We have 
ulread} tioled fhaf walei ma\ bi' legaidc'd .is a b.ise m that it can 
acd'pt hydrogen ions and does in fact jiossess a small e.italytie activity 

The eal.iblie ai tuiiv constant ol aniline w.is found to be /. -tJ'Sfil. 
Lroiisli'd ,uid I’edi'rsen |ioint out lhat the value of the dia.sociation 
coiistani ol tjie loii 

(VlLNIbd’l ^('JLNIl, 1 iT A -21) lO ''- 
is very ( lose to that ol .iielii add, 

('ll, coon ^^CII.COO'-I /f l<- I H It) 

and, as will be noted, the specilie ealalytie ai tivities .ire almost ideiiticaL 
The values for m.iny hydrogen ion acceptors aie .shown in the iollowiug 
tabh' 
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\Oil(i ■' noonjs 

\iiiliiie 2 () It)"'’ 0 ,')Jt 

lyiiiiioliiie t g 10-' I !) 

I>liiielli\ l.iiiiliiii l> .! In '' 7 

I’Mi.liiie (tin-" It) 

The elb'it ot in'iilial salts in im nsising the ionic .iitivity is well 
exemplified m the (.ise of the .uldilioii ot potassium nitiute to propionic 
acid, in whnh the lollowing data were olitained 

(',.,1 nini nioi n ini o lot 

('KS.H 0 ntr, ol 

t 10" 114 12.-) 12s i:t2 
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A 10" 137 1 .SO I 'HI 2 07 
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Tlir. TIlFom OF HFTF.KOOIAHOI ('MAIAl'lC )tF.V(TH»NS 


HKTElKxiKNEoi ,s ('utiil\ti»- rcartidii.s an- tlaiM' that talo- plu'c ut 
surfa('(‘« W liilst many (*x;unj>li‘.s nf rrm tmn.s arc known winch oicur 
eitiicr at solhl-pi^ or holni lujunl interfaces, hut few I'ascs of catalvtic 
reaction^' at lujuid-^as interfaces lia\c liccn estahlishcd with certaintv, 
aillioiiji:h l^idcul and Wolf ‘ ha\e (‘xainincd the (h'stnietiun of lennm 
at an air-lniuid inttnface, and Norrishand llid« al- the eatal\ tn inllinmee. 
of oxygem at a hnjuid snljthnr livdroj'en interlace 'Iheie i> howevc'r, 
little reason to doultt that the .spceilie elTect^ due o, tl,,> j)r<(jH'rties 
inherent at all interfaces wdi liave their intlmmer on reactions taking 
place at Ininid sni faces 

Of fundainental iiui>cirtancc' in tin' tlic<»ry of the inecdiamsin c)f 
lii'torogeneouK catalytic aition.s is the cMstence of an interfacial .surface 
energy. lnlhe(a''eoi iicjuid-gas <»i liijuiddnjuid ii.lerf.iees the Iree .sur- 
face cncTgy 0 is i caddy determined by carious c'Xjierimentu! methods, 
and from a kncAC ledge oi this \aliie .is well as the temperature ('oeilieient 

of the surface C'liergy tiu* total .surface energy a may be calcmlated 
with the aid of the (iibbs-Helrnholt/ e<jUation 
rJ<^ 


We must postulate' llic- existence- at the mtt-tfacc- solnbgas or solid- 
lir|nid of a similar surfac-e enc-rgy, althonirli, owing to the immobility 
of one ])huse, its value- cannot rc-adily be di-terinined. The- exist eriec* 
of suc-ii a surface em-rgy m solids is in fact ccuilirined by flic- phenomc;non 
of cohesion, for, on cutting a crystal, two surfaces are formed m wdiieh 
the previously lacked coliesne fon c-< arc* now iinsatu rated, In general, 
the surface atoms of a solid are .situated uusymmc-trieally to the forcc-s 
of cohesion as compared with tlie internal ones. Attempts have bi-en 
made to compute the surface energy of ‘•olids by indin-et meiliods. 
On the siippo.sed analogy bc-tw'c-en small crystals and .‘<mall drops, the 


' Pr<>r l{„>i Sfjc., I'Jil, 97 V. lUti 
^ J. Chnii X«.. ll>2a. 123, 0% , IH24. 126, ICiHO, .1203, 207<i. 
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CI[. 

increase in sniubility of a crystal as a reciprocal function of its radius^ 
has been utilised for this jiurjiose Although the analogy may be 
criticised, the magnitudes of the values obtained are by no means 
unreasonable 

Sime, in systems not iii (‘(iiulibrium, reactions may proceed asso- 
tiaied witli a decrease in free energy, if adsorjition (at an interface) 
of constituents [ireseid. m a fluid bulk jiliase is associated with a 
deeri'ase in the frei' surface eiu'rgy, such a reaction will ensue Wo 
shall have ok.isioii to note that this property of adsorption is common'' 
to all inlerfaci’.s, that at lujiiid interfaces flu' magnitude of the effect 
(hpmiH oiiiy on the /iroperties of the avsterii, hut at solid surfaces 
the physinil s/riutiire as well as the chemical properties of the surface 
have to be (aken into consideration 

Adsorption at liquid interfaces. - On the addition of a solute to 
a liquid a ehange iii the siirbue energy of the Inpiid occurs If the 
addeil solute has the eib'it of dirmmsliing the surface energy, the 
eoiieent ration of the soliiti' in the surfaei' (dm will be greater than 
that in the bulk of the Inpiid The ((uaiititatne relationship between 
the excess (oncmdral 101 ) of the surfai e him over the bulk of the solution 
and the lowering of the surface tension has been dev doped bv W Oibbs 
and Sir .1 .) TIiomsDii In it^ siiuplest form we may express this 
n'liitionsliip as lollows 


where I’ is llu' exii'ss surface eoiieent ration iii grm -mols jier sq cm , 
o the surface tension, 

/ the elii'mic.il potential of the solute 
11 the solute ol)e)s the laws of ideal solution, then 

/ fo^ frrio^r,' 

, ,, 1 ll(J C <I(J 

Similarly for those eases in which the solute elevates the surface 
tension of the lu|uid there will be a smaller eonceiitratioii of solute in 
tlie surface film than iii the bulk of the liquid 

We are thus ill a position to calculate the (omposiinm of the surface 
film, fre(|Uently termed the (Jibbs layer We Itavi' not, however, 
made any assiimptioiis as to the thickness of the film in which the 
forces of surfiiee tension jirodin-e a modilication in ( liemieiil com|)ositum 
We shall have oieasion to observe that the investigations of Lord 
Rayleigh Langimnr, Devauv, Laliroiiste and N K Vdaiu on the 
effect of insoluble fatty acids and their derivatives on the surface 
tension of water, make it practically certain that these substances 

' For turn idfftl loliiUons f /„ ( /i/’locanr whorp is ilio co 

edicu'iit iiiiit a till IliiTimulMuinii mtiviti 
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■Spread over a water surface in a uni molecular layer. Kor soluble 
Kubataiices, direct evidence for the uiiimolecular character of the Oibba 
payer is not forthcoininfr. but it may be concluded that in many cases 
Ipnch an assumption is ju.stiHi'd. The evidence for this assumption is 
piwofold. In the first cast*, as jiomted out by bnngmuir, if it bo 
lUisunied that the (Jdihs layer is uiiimolecular in character the limiting 
^reas jier rnoh'cule for organic substanei's. which are adsorbed at the 
^terface, calculated with the aid of the (Jilibs cipiatien, are in good 
freemen! with the areas anticipated from «>ther consitlcrations. 
^Agailij if molecules of the soliiti* are jmsitively adsorlied at the interface* 
,.,We mav re'gard the lowering of the .surfai'i* tensnui of the jaire .solvent 
^by the solute F -Gq - g v>iiitifni being dm* to the kin<‘fic agitation of 
the a<l.sorbed solute rnoleeules on tin* surfaee , thus f’will h<* analogous 
to a two-dimensional osmotic or gas pressure This suggestion, 
originally put forward by Traubo, was rejected liv later iii\esligators, 
notably by Milner and Sezyskowski. for the law FA R'l\ tin* 
two-dimensional (*(|Uivalent to tin* thr<*('-dim(*nsional law FV Rl\ 
was found not to express tlu* observeel relationship between h and A, 

where F is defined as above and A as 

A mon* careful examination of the state of tins • >\o - dimensimial 
solution, howi'ver. by Sclutfield and Hideal ‘ lias indicated that the 
surfa(‘e solutions are always relativelv concent rated and may be 
regarded us ecpiivab'iit to gas»‘s at bigb jiressiirt's or to strong solutions. 
The two-dimensional aiiahigiK* of Amagat's e(piHti«*n of state, 

FiA li) jRl\ 

where B is the limiting area and \ the etn-dieient of association, is 

found to agree with the exjierimental data, and the FA eurves of 
solutions of fatty acids and esters arc found to reproduce to a surprising 
degree of acturacy the FV curves for gasc^ such as nitrogen and 
ethylene, 

jjj Whilst on surfaces of most liipiids the (iibhs layer is init. uiii- 
molecular in tliickness, it cannot be said tliat llie adsorbed solute 
posscs.ses all the properties of the pure solute m bulk. Tims, saturation 
of the Gibbs layer m the case of ethyl a1eoliol-wat<*r mixtures occurs 
at a concentration of D'd molar, yet the surface jiliase, although non- 
sinting of pure ethyl alcohol, is liy no means identical in properties 
with a free surface of ethyl alcohol. Even more definite m this direction 
are the experiments of 1 redale “ on the ad.sorjitioii of vapours on the sur- 
face of mercurv. Wliilst the surface teiusion of mercury is lowered very 
markedly bv the adsorption of a uiiimolecular layer of vajxiiir such 
as ethyl acetate, benzene, or water, and the lowering is more pronounced 

^ /'rrx Iloi/ Sor., 107 a , ."i7. 

» Phil. Mag. no, 46 , 4 «, lOS, 1727 
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more' closely packed the unimolecular film ofl the surtaeff^"'^ 
he vapour })re 3 Bure of even a closely packed unimolecular le^ 
ban that over the fiure liquefied vapour at the same temperature. ' 
From the.se and Iredale's experiments we may conclude that t|je 
luilding up of the primary Gihbs layer is associated with a marke^ 
hange in tlie surface energy of the liquid adsorbent, and that th^ 
milding ii|) of the secondary films or diffuse layer is associated with a 
urth(‘r definite but very much smaller decrease m free energy 
In dealing with the ailsor|ition of vajiours and liquids by solidSf 
m sliall again liavc ociasioii to note tliat the formation of wliat ni 4 yr 
e termed tin* [irimarv film, ummoleeiilar in diaradcr, is associated 
nth large thi'rmal tdfeets, but that m many cases secondary film 
firmalioii, wliieli may lie iniillmioleeular in lliiekiiess, also takes place". 

Evidence for molecular orientation m adsorption at liquid sius 
faces. -The work commenced hp flic late iaud Ifavleigli ^ and developed' 
by Hardy, ^ Marcelin,^ Jjangmuir,'^ Labroiiste,' Harkins,** N K Adam/ 
and others, on the surface tension Of soiiiiioii.s hasgneii us a deopet 
insight info the mecliamsm of adsorption, the bearing of which on ■" 
catalytic processes is of fundamental importaiue 

If wc bring two Inpiid surfaces together of surface fmisioiis 0,1, aj) 
to form an interface of surfac(‘ tension crjji there will be a certain 
decrease in flii' free energy of the system given bv the ('.\})ression 

lV-(fii(rj( (Tin 

[11 till' following iabh' ari' summarised some of the values for thia 
deirease 111 free energy when vaiiotis h(|m(ls are brought into rontact 
witli water and mereiirv 
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dipcrease in free energy when a liquid w bro^^t 
ibritaet with water or mercury is most marlonl wIumi the former^ 
Uoiitains certain reactive groupings such as flu* halide, sulphide, a'ud 
'4^^ydrox}d for mercury, and the hydroxyl, oxonium, and carboxyl for 
: water. 


■J* The decrease in free energy is the result of the action of the 
adsorption forces between the surface layers of the two liipiids, and it 
evident tliat these a<lsorptive forces operate on a specially reactive 
**.part- of the molecule. Thus in tl>o case of fatty acids lh»ating upon 
the surface of water we should anticipate that the acid wt)uld be 
anchored to tlie wat«‘r by moans (d the carboxvl group, since the 
’hydrocarbon chain possesses l)ut little adhesion fur water. 

])ire('t confirmation of tliis hypothesis has hc'en obtaimsl bv measure- 
ment of tlie surface teii.sKm of water to whieli definite amounts of 
.the highly insoluble long-chain fatty acids, alcohol, and .siihstituted 
ureas di.ssolvcd in benzene have been added. If a definite (|uantity 
of fatty acid, oaj. palmitic acid, he dis.stdved in henztme and dropped 
upon the surface of water, after the i‘\aporalioii of the benzene the water 
will bo covered with a layer of palmitic acid and the surface tension 
of the w'ater will he lowensl. If the lowering of the surface tension 
be ])lotted against the area of the water eoviwed w'<h this amount 
of palmitic acid, a cur\e of the following form will be oldaim'd. 



Fi(. 2 


, It will be noted that the curve is divisible into threi- parts, a linear 
J>0rfcion er 7 , a second linear jiortion an' , and a curved jiortion a'x, 
The ex})laiiation of the curve obtained is readily understood from the 
fpUowing arguments. 

If a small quantity of fatty acid be allowed to expand over a wide 
^rea of water the F. A relationship will be defimul by some point 
cm the curve in the region a'x. On contracting the area the force, i.r.. 
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thp ftpiiarent lownng of the surface tension, increases but slowlj 
until, at the point a, it rises rapidly m a linear manner At the pomt 
a, under higher compressions, there is a break in the curve, which pro- 
ceeds again m a linear irianner to the point r, whore an abrupt change 
in the mlace trnmii is noted 

From a knowJedge of the number of molecules of futty acid placed 
on till" measured area of water, the mean area per moleciih' on the 
assiimjition of a iiniinoieeular film corresponding to the pressures a' 
and (I can r(‘adily be determined The prolongation of the m curve 
to // gives IIS as tlie area jier moleeiile oh’ 21 A of oh A The 
interesting points in eonneetioii with tliese iiieasiireinents are, hrstly, 
that, on till' lissunijition that tlie density of jialmitic acid in the thm 
film is idi'iitieal with that in the bulk, the eovermg power of the fatty 
aeid, from our knowledge of the apjiruximate si/es of the molecules, 
eoiifirms our previous hypothesis of a iinmioleeular layer ol fatty arid 
moledilcH on tlie siirfaie of the \vat(‘r The second point of interest is 
that if similar curves for other long-cliaiii fatty adds be made, the 
areas per moleeiile correspond mg to the pre.ssiiies at a and c/', le at 
the breaks in tlu' tiirve, are ideiitieal with those of palmitic aeid, as 
IS evemjilified m the following data ot iN K Adam 

V.ld ohmX of-mA 

M^iiHtu J1 0 25 I 

IViiliult'i \iii -’ll) -’5 1 

Slciiru Jl 0 .'5 1 

ItclieiiK 21 0 25 I 

All these carbon ilmin acids have ,i dilfcient number of taiboii atoms 
in then eliaiii. >et, imdcr corresponding eoinpre.ssions m a surface 
him oeeujiy identical areas We tan flms (ouelude (liangmmr) that 
all the moh'dilcs of i‘ii('h add, under tliese com[)ressions at aiiv rale, are 
orientated in a veitual plane to the water siirfaie aiul thus present 
eijiial ( ross- cetional areas to the lateral roinpressional force 

On tins assumption ot a vertieal oneiifatioii of the molecules wo 
must acduint for the fact, that the moleeiile ot the lattv acid apparently 
possesses two pails of difiereiit area undei zero eom[ires,sion ah' -21 A , 
oh- 25 A jiossessmg dillerent eom[iies’sibilities These, as N K Adam 
has pointed out, (orrespond to the livdroearboii cliam oh' and the 
earlioxyl head oh' Tlie area oh' of 21 A should thus lie a measure 
of the (TOSH -seel mil of a hvdroearlion eliam Now the molecular 
volume V(Hj-I7 8 ee at the mp and the distance betw'cen the 
carbon atoms in a diamond is I ,52 A , hence the aiea of a (’ll, group 
17 8 

is eo ^ |f2|() s .‘1 A , 111 fair agreement with the observed value. 

If the area 25 2 A eorn'spouds to that of tlic carboxyl head 
immersed in the water, the replat dnent of this bead to the molecule 
bv otluT groujis should give diflcri'iit values to oh Some of N, K. 
Adam’s values for the areas of various heads are given below 
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These conclusions, I'ased on the study of films of ndatively insoluble 
organic compounds on the surface t>f water, which have been amply 
confirmed and extenrled in \arious directions, go far to substantiate 



Fio 3 


the statement that the nmlecules in the (Jjbbs film are definitely 
orientated and attached to the adsorbing agent by a sj>ecifie (or more 
than one) point of attachment * 

Adsorption at solid interfaces. The adsorption or surface saturation 
of a solid by a gas or vapour is frequently eomplicated by procesaos 
of solution to form either a solid solution or an actual chemical com- 
pound with the adsorbate. Again, in the case of many porous materials,, 
the pores or capillaries of the solhl, when of small diameter, offer a 
by no means negligible resistance to the flow of gas, in consequence 
of which penetration may proceed for prolonged periods of time. 

As has already been indicated, owdng to the existence of a surface 
energy in solids, we should anticipate, on analogy with liquid interfaces, 
the adsorption of gases or vapours if attended with a diminution of 

* It m»y be noted tiuit tb« polar head of a film on a water nurfaoe is not ncccasariiy 
Aitftcbed to only one wafer molecule. From a study of jfcl formation it apiajaru more thart^ 
|n|i^wblo that a clutter of water molecules are attaebed to the “ hydrated ” f)olar hoa<l 
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the frpc surface energy of the surface In addition , substances possessing 
’ a high specific surface and a concomitant surface energy, such as 
, charcoal, will be valuable adsorbing agents 

The general asyrnjdotic form of curve connecting gas or vapour 
pressure f with the amount adsorbed x, {ler m grms of adsorbate, is ‘ 
shown on j) 05 

Many attempts have been made to express these curves in mathe- 
matical form and to interpret the tneehatiisru of such adsorption, 
aeenrate data on the adsoriitioii of gas(>s by charcoal being available ^ 
As a good approximation the eijuation of Kreiindlieh may be applied 
to the expeniiieiital data 

Freiindlicirs isotherm e({tiation may he expressed in the form 


or 


log 


~nfn, 

-- (( 1 ^ log p, 


where x is the amount adsorhiMl Itv in gnus of material under a partial 
pressure p, a and n being constants 

The value of a varies markedly, not only with the nature of flie gas 
but also witli the (omiiositioii of the adsorbent as is exemplified by 
the following hgiires tor ads()r[)lion of gast's at 20" (1 


(ms * ( liiinoal ’ lil.iss 
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The two constants n and a also vary witli tlie teiniicrature, and 
It IS signilicaiit to nofe that )i appr(»a(hes imih on (ievation of the 
tmnpeialun' or for low gas pressures Thus, (.'lupjniis '■“ obtained a 

value of ^ ^Odl for (Ik* adsorption of ammonia liy dianoal iietween 

3 and 5 millimetu's of im'reurv, whilst Travers'* gives the follow mg 
data for the adsoiption ol carbon dioxide by eharioal 

Tinip '’(' a ' 
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The Freundlich isotherm leads us to the conclusion that a definite 
area of adsorbing surface may adsorb an mdefimtely large amount of 

' \at.T. Zo/«A / yiilln^hon, llUi, 18 7J1 Trav.n, Pm Roy .W , 1915, 78a. 9; 
tlenifrav, fkirdal Chem , 191(1, 71, 119, (iS7 , Titoff. iAk/. 1910, 74, 041 , IJeddOf, 

Me 1 Ann . 1909,29, Il»7 , Richardwii, I Amrr CAon Roc, 1917 38, 1818 
‘ II 1.(4 ,4w)(. 188,1,19,2*1 ^ Loe cil 
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Igas, provided that the pressure is sufficiently high. Tliis conclusion 
^ not justified by exix'riment, as a definite saturation value, frequently 
rat'ell defined has been found to exist in a great number of cases. 
I^rrhcnius * and Schinuit ^ were the first to introduce the concept of 
^ definite Siituration value for the case of an adsi'rbent ex}>o.sed to a 
fgas, the ei[uation develojM'd. 


I containing tu<> eonstanf.'i. .S' the saturation value and A', an e(juation 
whieh is likt'wise valid iiV(*r a fairly wuh- range of pressures.^ Tin* 
valiK'S of .S f(tr charcoal for various ga.ses is somewhat significant. 
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Langmuir ’ also arrived at tin* conclu.sion that the Frimndlich 
i.sotherm does not repre.scnt -the adsorption pressure ri'lationsliip to 
any degree of accuracy As has alrcutly heen indicated, the surface 
of a solid may be regarded as an adsorbing hittic<‘-work <tf atoms. If 
definitely crystalline, the number of .siicb adsorbing centres may bo 
computed fnim the atomic (liamet«‘rs, whilst if the surface be irregularly 
crystalline or amorjilious, tin* number of these ehmientary spaces per 
stjuare centimetre cannot be dctcrminccl directly. 

Wc may n-gard adsorption as the result of an eijuilibrium arrived 
at la-twecM two definite ami di.stinct procc.s.ses, condensation and 
evaporatimi If a gas molecule or atom strikes an empty .space, on 
the adsorbing .surface it condenses ami Iield there for a jieriod of 
tune. It is here subject to molecular coIIimoiis, and the kinetic energy 
of translation will m time r<*ach such a valm* that it is ca])abh! of 
breaking away from the surfaee again ami evaporatfng. In consider- 
ing a number of such condensed molei'ules or atoms we an; (‘vidently 
justified in speaking of the average life of an atom on the .surface (r), 
which may vary from a small fraction of a .seeoml in ca.ses where the 
adflorhiiig forces are small and the tenijM-rature, high to almost in- 
definite periods where the conditions are favourable, as is exemplified 
in the following data^ for the ad.sorption of carbon monoxide on 
platinum 

’ \fM InM.. 1911, 2, T, “ ZiUffcJi, phyitilcai. ('turn , 1912, 78, 607. 

* ftljto WillianjK, Prve. Roy. SfK. Kdinhurgh. 1919, 287. 

* PhyK Rtr., 1916, 8, 149 . Proc. Xal Arxul Set., 1917, 3, HI ; J. Anur. Chf.m. Roc., 1918, 

^ 1360, ‘ Langmuir, Ttnn^. Farad, Soc., 1922, 17, 642. 
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From a scrif-s of cxiM-riinents it was established that the number 
of molecules rcHectecl without condensation and re-evaporation was 
small, as exemplified in the following table, ^ in which the accommoda- 
tion factor (rt) or the fraction condensed and then evaporated is given ; 


(lus Siirf-KP (a) 

K, . Smootli Pt 0-36 

(JO, „ 0 87 

H, Pt black 0-71 

00, „ 0 98 


We may thus regard all molecules hitting the surface as condensing 
there The rate at which a gas at a jiressure p will condense on a 
square centimetre of condensing surface may be determined witli the 
aid of the well-known effusion equation of Ilerz and Knudsen - 


u-43 75 10-8‘^ , 

VMT 

where p is the number of grm, -molecules striking per S([ cm per sec , 
p the Jiressure in bars (10* bars^l atmosphere) , 

M the molecular weight of the gas , 

T the absolute temperature 

At equilibrium we must consider a definite fraction of the surface 
covered with adsorbed gas and a definite fraction bare, 6, then we 
. . ^1) 
The rate of condensation on the uncovered portion 9 is OLpO, where 
a is the coefficient of accommodation, which is m general nearly unity 
The rate of evaporation from the covered area O' can be written vO', 
where e is the rate of evaporation per square centimetre. At equili- 
brium the rates of condensation and evaporation must be equal, or 

(xnO=vd', . . ( 2 ), 



If we put 


ihen 0' = -^ 

l + orp 

' Knudsen, Ann Phj/sii, 1911, M, 593 . Soddy and Bwry, Froc Soy Son , 1911, 84. fiMLj 



if it grin -mdls. Ire adsorbed per unit area, the number of elementary 

r’ ' jifj, _ 

l^ces .occupied vrill be ^-*, where N is the Avrogadro number 

p 6-065 10*® molecules |)er grm.-mol. and N„ the number of elementary;' 
|)8ces per scjuare centimetre. Whence 
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fo and h being constant.s, or 
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being Langmuir’s equation for the ad.sorption isotherm. At low 
pressures o/x will be small compared with unity. Hence 


X - ahp, 

K or the amount adsorbed will be proportional to the j)re8sure. The 
\ amount adsorbed decreases rapidly with the temperature, since the , 
; rate of evaporation varies ra])idly with the temperature. 

At high pressures <j^ is large compared with unity, or 

-r-A 


We thus obtain a saturatiem value for the amount adsorbed. Saturation 
. according to Langmuir’s hypothesis is evidently obtained when the 
surface of the adsorbent is covered with a layer of the gas one molecule 
thick. Langmuir, in support of this hy]>othesi8 that saturation is 
obtained with a unimolecular layer, measured the adsorption of various 
gases on mica and platinum at low pressures. In the cases examined, 
with the exception of carbon monoxide on platinum surface, saturation 
was obtained with less than a unimolecular film, and the form of the p, x 
. curve could be expressed with the aid of the equation given above. 

. The best experimiuital evidence of saturated surfaces has been obtained 
in the study of adsorption of gases by catalytic agents. The adsorption 
of hydrogen by nickel, studied by Gauger and Taylor,^ of hydrogen 
' and carbon monoxide on copper by Pease,* and Hurst and Ridcal,? of 
.1 hydrogen and carbon monoxide on platinised asbestos as determined ' 
k%y Pollard,* all show saturation of the surface at pressures markedly 
yleas than 1 atmosphere at ordinary temperatures. Taylor® has , 
l^ahown that this ready attainment of saturation is consistent with the ' 
^.hi^ heats of adsorption of these gasea by the metallic catalysts. The ^ 
{ 0xperimental data also lead to interesting conclusions concerning the ; 

' > J. Amer. Chtm. Soe., 1923. 4fi. 720, 

* /W., 1923, «, 1193, 2297. 

» J. Chem. Soe., 1924, 1», 685, 504. 

* J. Phyt. Ckm., 1923, 27, 365. 

* 3rd Report on Coot. Cat., J. Phy$. Ckm., 1924, 28, 931. 
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surface of the catalyst, which are discussed m detail in a subsequent 
section 

The |)remises on whicli the various adsorption mothenn eijiiations 
have been developed are dillereiit In those of hreundlicli and 
Arrhenius we tacitly assume that adsorption is a prod ss akin to surface 
condeimation, resiiltiii}' in the formation of an atmosphere of (oinlensed 
vaiiour and (‘Viui liquid around the adsorbine material, tin* adsorbed 
him density deen'asiiif' presumably exponentially as we pioceed from 
the surface until it is identical with the i ircuimuiibient va|iour Lang- 
muir assumes as a premise that the range of mobs ulai action is limited 
to one* inohsiiile in thickness, and that the him is in consecpience Imt 
one moleeiile thic k 

Direct (onlirmation of either hypothesis m the case of diaicoal 
IS scarcely |»ossibh‘, owing to the iiiicci taint y in the* ccaliiafion of the 
s|)ecific siiiface Many measunmieiils, liowc'vcr, have been m.ide for 
the adsorption of vapours, cc/ water, bcn/eiic, c Idornform, on the 
surfaces of glass, sand, cpi.iil/,, and some' metals, and in these cases 
the milltimolecular natiiie of the adsorbcsl (dm has bee ii substantiated ' 
The dircs't experimental evideme for the aiiKMiiit of gas .idsoibed is 
thus by no means conclusively m lav our of the general application of 
Langmuir's livpotbesis 

We iiiiiy, as Langmuir fi.is siiggc'stecl, attemipt to avoid this diltic ulty 
by assuming that in those' c asc's when' a miiltimolc'c ular fdm is apparently 
obtained wc- arc' in c'rror in our c oiii|iutatic)n of the actual ,ire,i of the 
adsorbing material, (c fissures and capillaries ate pnsetit m the 
material, ui actmd solulicm of the gas in the adsorbent lias taken place 
or again, we may eoiisidc'r that mull imolec ular films mav .uluallv 
CMst for certain gases, eH|ic'i'ially vajiours, in the |)ie.sencc' of powerful 
adsorbing agents In support of Ibis second liypothc'sis uidiiect 
c'xpermu’iilal evidence' can be- advanec'd from d.ita cm the hc'.it cd 
adsoiptioii Kor adsorption m niultimolc'eiilar lavers the heat of 
adsorption falls steadily vvilh merc'asing i[uaiititic's ol gas adsorlied to 
ft value' , sensible c'ciiial to the heat of lic|iielaetic)n 

Thus wc' note' the' data of (Tappuis cm the heat of adsorption of 
iimmoniii by meersi haum 

I’ri'Miini Kaii'.'i in<m 11 k y i iU pi i koh - iiiiil 


0-0,*. L',7(HI 

o.'» :n ii.UKi 

2tl 21 

21 cw 7.lill(l 

Latent lic'at of liqiiefaetion L iilHKl 

Tlu’ data of lauiib and Coolidgc' - on the heat of adsorption of 
vapours of many substaiioos by cbareoal m au lee calorimeter show 

' Latigmiiir, Trii»« ,Smfr l»->l hitet Any, 11)21 32, Urigg<i J ( hfm IDCgi, 
9,0)7, Kilt/, /Vof -liio/ Aka4, llUC 15, MV I’l ttijoliii, ,/ Umut Vkrm S'ly . lUlU, 41, 
447 , Kvatia and lii'orge, l‘r<>c Koy .S’.ir , l')21, 103i. I'll 
” ,/ ,4wifr Clum S(<r . ll»2ic, 42, 1140 
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likewise that the heat evolution per grin, of eharcoal q was a logarithm 
function of the amount adsorbed x : 

log q - K ^ h log .r, 

and a direct ])roportionality was not found, as would be the case if a 
unimolecular layer only was formed. 

They likewise indicat(' a close connection b<*tween the heat of 
li<[uefaction and the heat of adsorption ; whilst the close connection 
between the amount of gas adsorbed by eharcoal an<l the cohesion 
of the gas as di'terinined by the n term (d Van der Waais etjuation, 
lends additional .sujiport to the multimolecular layer hypothesis. 
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be (‘Xpressed m tin* form 



but in the form 


/ -- h + 


ah'p 
1 t ilp 


which can most r<‘adily be interjutded on the hypothesis that carbon 
monoxide is very strongly ad.sorbed for tin* first layer and that a 
siibserpient laver i> adsorlied, obeying the law of the ad.sorption hsotherm. 
It s«‘em.s probable that if the adhesive forces la-tween tlie adsorbent 
and ga.s arc strong, a factor dcti-rniined both by the nature, of the 
adsorbent as well as of the gas, that the unimolecular layer will still 
possess the jHiwer of adsorption although more feebly develojied. For 
strong adsorbents dealing with ga.se.s which are highly jiolar in character 
and near their critical point, layers several molecules thick may readily 
be imagined to exist. If the gas he below the critieal temperature, 
multimolecular layers can a])i»arently be, built up with ea.se, provided 
that the jire.'csure he high enough. It may be, noted that Hardy’s 
investigations on the effect of .substances such a.s octyl alcohol on the 

* />or Cl/ 
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coefficient of frictions between metal surfaces likewise leans uu loe ■ 
conclusion tliat. octyl alcohol when vaporised over a metal surface ' 
is adsorbed to form a thick film m which the secondary layers are much 
less strongly adherent than tlie [uimary film * 

The (pn'stion whether a gas can, when it is maintained above the : 
critical temperature, build up a second or more layers on augmentation 
of the pressure, is us yet uncertain Indirect experimental evidence for 
the muitimoleeular nature of films of vapours adsorbed on solids is 
provided by the heats of adsorption Hut, as we shall have occasion 
to note subsequently, the surface of the catalyst is by no means uniform ‘ 
in nature, jiart possessing strong adsorbing jiowers with other portions 
of varying activity , a variation in the amounts of different gases 
adsorbed at wliat are aiiparently saturation pressures may indicate, 
not films of varying thickness, but a covering of varying fractions of 
th(‘ total exposed surface 

W(‘ may conclude that at solid as well as at lupiid surfaces primary 
adsorption is accompanied by a marked decrease m free energy The 
building up of secondary or muitimoleeular films is, however, a by no 
means uncommon jilnmomenon, especially m the casi* of vapours on 
strong or powerful adsorbing agents , whilst the forces operating m 
the formation of the primary ummoleculur film are strong, those in the 
secondary film are weaker The primary forces may be compared to 
the valenry forces operative m co-ordination compounds, whilst those 
in the secondary film are more akin to the cohesional forci's ojierative 
111 va)iours and liquids As an indication of the magnifmle of the 
primaiy forces may he cited the fidlowing data on the average heats 
of adsorption of gases on metals, thesi' gases in all |)robab]lity forming 
but primary films in contact with the metals under consideration 


(illl 

j Motiil j 

Q lals per gmi mol 

Hj 

IM i 

]H,0()0‘ 


l>t 1 

13,760 ' 


Ni 

1 


Cii 1 

0,600 J 1 


! Ni 

,),846» 


1 Ni 

1 5,000’ 

CO 

1 

1 32,(MH)* 


J.. 

1 28,000 


A closer investigation of the heats of adsorption of gases reveals an 
interesting phenomenon, namely, that the heat of adsorption is not a 
constant value for a particular gas and metal, but is dependent on 

‘ Mond, Raingay, and Shields, Znlech pAymtal Chm , 1898, £S, b57 
' lleehe and Taylor, ,/ Amer Chtm Soc , 1924, 46 , 43 
’ ForesU, tfo« Chem Ital , 1923, 63, 487 
* Langmuir, Traiu. i'amd Soe , 1921, 17, 641. 
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iWitate of the surface of the metal ; highly active metals adsotl) ^ei ; : 
iuore readily and possess a higher heat of adsorption. Since, in general, ,, 
metals prepared at low temperatures po&sess coniposite surfaces, the 
heat of adsorption gradually falls as the more active portions become 
covered with the gas, resulting in a “ s])read " of the heat of adsorption. 
Values ranging from 33,000 to 11,(KX) calories per grin. -molecule have 
been obtained for the heat of adsorption of hydrogen on nickel. Similar 
data are available for carbon monoxide on cop])er. This s])rcad ” 
of the heat of adsorption with the pressure is, as we shall note, of 
importance in attcmjits to elucidatt; the nature of the catalyst surface. 

Orientation at solid surfaces. -If the imlircet measurements of the 
surface energies of solids are in any way reliable, their surface energies 
are much greater than for liquids, and it is to he anticipated that 
adsorption at the surface of solids will result in the formation of a 
similar layer of orientated molecules. Evidence for this assumption , 
is provided in a number of eases. Langmuir ^ has made an e.xhaustivc 
study on the adsorjition of gases on metallic (ilamcmts at low jiressurcs, 
and has come to the conclusion that delinili' structural formuhr can 
be giv('ii to the adsorbed layer. Thus, carbon monoxide is strongly 
adsorbed by tungstim filaments at relatively low temjieratures ; the ^ 
union between the carbon monoxide and the tung.stcii i.H so great that, 
the whole group (Wt'O) di.stils otf as a single molecule. At high 
temperatures, however, tlie union hetwi'en metal and gas is by no 
means so strong, and carbon monoxide is removahh* unchanged. These 
experiments, together with the quantitative data on adsorption in a 
unimoleeulur layer, lead us to picture a typ<t of adsorption film 
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Again, small traces of oxygon comj)letely inhibit the action of a 
hot lung.sten wire on the dissociation of hydrogon at high temperatures ; 
the adsorbed oxygen is likewise not reduced by hydrogen, although 
Jtungstic oxide is readily reduced. The union of tungsten and oxygen 
in the adsorbed film must evidently be a very close one, and may 
perhaps be diagrammaiically represented as 

0 0 0 0 0 

V H 11 M « 

w w w w vy 



The union of these simple gases to metals thus ajipears similar in 
nature to a chemical union, which similarity we noted in discussing^, 
\.the data on interfacial surface t-ension ; the data there presented 

* /ajc. cit. 



74 


CATALYSIS IN THEORY AND PRACTICE 


CH 


indicatod iliat mercury behaved m a similar manner in respect to a 
decrease in free eiiergv wlien moleculeh containing reactive groups 
are brouglit in loiitad witli it Ttiere ap|)ears little doubt tliat ethyl 
iodide, for (‘xample, is am liored lo tlii' mertury by attachment to the 
iodine Till' iiiv(\stigations ot Hardy ' on the eflist of small traces of 
fatty acids and aleiihols on the lubricating pioperties of a hydrocarbon 
oil for glass and metal surfrues, indnate also in a striking manner that 
these organic derivatives aie attaclieil by their “ polar” -('OOH and 
- enroll groups to these solid surf.ues It may be noted in con- 
firmation of fhese views that alcohol readily dispLues hydrocarbons 
from the surface of im'fals siuli as loppm “ Similar loncliisions as to 
the orientation ol fatty acids on sheets of iiiKii have been arrived at 
liy Sir William Bragg and Ins (o-vvoikersy’ wlieie it was found that 
adds alloweil to solidify on mica sheets solidified m strata of regular 
oru'iitateil molei iilcs, the diieition of oiientafion being |H'r|)endicular 
to the plaiii‘ of the midi Berhaps one of the most (oiiviiumg [ueies 
ol evidmue m favour ol the hypothesis of orientation on adsorption 
at the sill face of solids is provided bv the data of Calmer and Constable 
on the (let ompositioii rate of a muhvs of [uiniarv ahohols at <i dipper 
Hurfad' according to the leaitimi KClLOli -> KCIKf t IL The 
.following data are died liom then experiments 
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I Itiilvl aliolhil , (llf)'l ^ 

I If Iv’lliyl all oliii) 0 jr>s ' 1 .'i.tl 
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111 spile of the maiked alteration m the Idiglh of the hydrmarbon 
chain attached to the - CILOH group the velocity and lemperaluro 
coeflicienl for the alcolnds on a s|)ecific catalyst are identical, con- 
firming the hypothesis that the - CILCH group is the oiilv jairl of the 
molecule taking part in the rdiclion with the copper 

111 the above' eAaiii|)le otieiilalc'd adsoiptioii occurs in such a 
manner that the conditions for accelerated rc'actionare favourable It 
IS ch'ar that cases may aiise, especially in bimolecular surface actions, 
where' the orientation of the adsorbed molecules is such that reaction 
cannot procc'i'd betwei'ii the reactive groups Cases of this character ‘ 
hav'e been mve'sligati'd by Kruyt and Van Diiin the alkaline saponifica- 
tiori of I’sters and the' addition of bromine to sodium p sulplio cinnamate 
are' retarded by charcoal, although both re'actants arc aelsorbod on the 

' Pnx Hoi/ Soc , 1022, 100. .S.VII, 401 v. 487 * Pookt-N, U'lmt .4 r», 18W. IT, 669 

* Miillrr ind Slii’nri'i, / ('hum Hoc. lOJJ, 133, 315t> 

* liec Iniv chim, 1921, 40, 2, 219 
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surfacp. The removal of bromine from aj8 dibromo propionic acid by 
means of potassium iodide, on the otlier hand, is aeceh‘rab*d by the 
jiresence of charcoal. 

Again we shall note that, in discussing the effect of pressure on the 
velocity of such lu'terogenoous catalytic actions, we sliall b(' led to 
considerations as to the “ valency " of the adsorjition compound 
formed in the primary layer. Anchoring of the adsorbed molecule 
may take [ilace on several underlying atoms of the catalyst. 

The “availability” of surfaces. We have noted that Langmuir 
assumed that the adsorbing surface consisted of a uniform space 
lattic(', (‘ach elementary space b(*ing the seat of a directive adsorptive 
forc(' or a potential chemical covalent bond A more detaih'd examina- 
tion, however, reveals the fact that the surface is by no means so 
uniform as imagined, and that the irregularities an' of dominant 
importance in catalytic ri'aetions. liangmuir himself considered, 
abstract I\. adsorjition at a surface non-uniform m character. Il- 
ls the results of catalytir’ study which give concreteness to such a 
consideration 

We must noti' that the coarse macro-crystaliiin' .suriaci's an' less 
activi' tlian suifa('<‘s pre])ared at low temperatures If wt' consider, 
in tlic lirst instance, the chief components of a nu'tal catalytic surface, 
namely, tlu' edgi's, corners, and faces of t he innuiiK'rable small crystals 
present in the surfaee. we can draw certain <-onclusi(His as to tin' lack 
ol uniformity, not only m the surface, but also in the surface ('lu'rgy, 
from crvstallograiiiiK' data Hravuiis was the first to note that the 
plant's of a cry.stal which were most den.sely packed and wert' also 
separated from the neighbouring parallel plane most w/dely, were 
thost' which apjieared mo.si fretpn'ntly, and also that, a closely packt'd 
surface was usually a.s.sociatetl with a wide mtt'rplanar distaiict', and 
rfee rcisd. Latt'r, (iibbs imlicatt'tl that the most, stabh' iilant's in a 
growing crv'stal were tho.se posst's.sing the least interfacial surface energy. 

Altliougli crystal growth rate is markedly alb'cted by .such factors 
as rates of ditTusion, local ternpt'rature difierences, minute alterations 
in tlensity of the solution, yet. as tht' iiive.stigation.s of \’aleton,' Niggli,- 
and Tertseh '* have indicatetl, the evidence for a suifact' t'nergy varying 
with the clo.st'iiess of the surface packing is extremely strong. In a 
similar mamu'r it can readily be .shown from a study of the vapour 
tensions and solubilities of so-called amorphous substances that the 
atoms at the (>dges ami corners, inclmiing those in the corners of the 
steps on a growing crystal as indicated in the diagram, po.sse.ss great(‘r 


‘ Phys. Rfv., 19*20, 2t, l*Kl * ZnVvrA anttry. ('hnn . 1920, ItO, W. 

* '/MtJich. (inorg. t'hnn., 1924, 136, 2(W. 
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adhesional force for gases and Lqiiids than atoms situated in the planes 
of the crystal facets In addition to this micro-crjstalime material, 
present lu a raetal surface there are present a number of isolated atoms/' 
and groups of atoms which arc not in a space lattice and may be 
designated as amorphous material These are, as anticipated, even ^ 
more reactive, as far as adsorption and solution arc concerned, than ' 
the crystals themselves 

Attention may be directed to the alteration in several physico* 
chemual properties of materials subjected to extreme subdivision. 
Thus we have data which indicate that the heats of solution, heats 
of valorisation, vapour pressures, dissociation pressures, solubilities of 
finely comminuted substances, exceed those of the 8iib.stanccs in bulk 

This phase is coiisenuently metastable in coinpansoti with the 
regular crystalline variety, and consequently will slowly revert back 
to the more closely packed form In the case of metals the rate of 
conversion at ordinary temperatures is relatively slow, but on i Icvation 
of the temperature these amorphous or irregularly situated atoms 
readily slip back into the more stable configuration of the siiacc lattice 
of the element, a process termed sintering The sintering temporaturc— 
i e the temperature at which the rate of conversion becomes rapid- 
varies markedly with diilerent metals, and should of course give an 
approximate value of the energy of the atomic adhesion of the metal 
Smith ‘ gives the following values for the sintering temperatun's of a 
number of metals . 


Mclitl 
I't black 
I’t ppt 
Pdbbick 
I’pt (.’ll 

I’pt Ni 
I’ptAg 
All 
(’o 

KodiicccI Go 


sintorliiK Tompcratiirc ° < 
MO 
700 
600 
250 
700 
180 
200 
200 
500 


Judged hy lo.s8 of adsorjitivc capacity of tlie reduced metal 
sintering may take jilace at much lower temperatures than thos 
recorded by Smith This loss of adsorptive power is much the mos 
sensitive index of change of surface on heating 

The jirocess of sintering is followed by the growth of t lie minute crystal 
to larger ones which become microscopically visible m annealed metals 
Associated with these changes in surface from the unordered am 
micro-crystalline to the macro-crystalline we find a marked decreasi 
in catalytic activity and in adsorptive power. The following dat.f 
show the effect of sintering on the adsorption of hydrogen and ethylcn( 
on copper and nickel determined by Pease ^ and by Beebe and Taylor : ^ 

‘ J Chem Soc , 1923, 123, 2068 

* ‘flit lor, Ird Report on Coni Cat. J Phyt Ckem . 1924, 28, 612 

» / Amer Oim Soc , 1921, 46 . 1193, 3296 ‘ Ibtd., 19’4, 46 , 43 
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MetaJ. 

Temperature of Reduc- 
tion “ (\ 

Adsorption of Gas Inc. 

H,. 1 

c. per (frm. at N.T.P. 

c.u,. 

Cu ... 

200 

3-70 1 

8*45 


450 

M5 

6-85 

Ni ... 

300 I 

3.'j-0 


1 

i 

4(M) 

Ki-O 1 



That the surface of a catalyst is composite iii character is likewise 
indicated from the fact that the saturation capacity is not identical 
for all gases. We have already referred to the fact that many vapours 
may be adsorbed in multimolecular layers but that in gases iinimoleciilaf 
films are to be expected. Under these conditions the saturation 
capacity of a catalyst should be identical for all gases ; this is (ividcnitly 
not tile case, for, as wc note from the figures cited above, ethylene is 
more strongly adsorbed than hydrogen, and the saturation capaeity 
for the former gas is not reduced so much on sintering. 

That this view is probable may be deduced from data on the 
adsorption of hydrogen by nickel at various temperatures and pressures. 
From a study of the adsorption isotherms. Gauger and Taylor ^ showed 
that at relatively low partial pressures of hydrogen an a])])arent 
saturation of the surface was reached. Thus at 25*^ 0. and 75 mm. 
pressure, a given sample of nickel adsorbed 8*7 c.c. of gas, A tenfold 
increase of pressure did not increase the adsorption by one per cent, 
At 305'' C. apparent saturation was reached at 250 mrn. ))r('s,sur(*, a 
threefold increase of pressure not measurably increasing tin* adsorption. 
But, at this temperature, the adsorption only amounted to 5*3 c.c. of 
gas. Tliis spread in the amounts of gas ads(>rbed at the two tempera- 
tures, cou})lcd with the observations inad<* as to the attainment of 
approximate saturation of the surface, ind(‘pendent of marked jiressure 
increase, is strongly suggestive of the conclusion that the atoms in the 
surface have varying capacities to hold ga.s adsorbed, dependent on 
their position in the surface. It suggests also that a surface atom 
capable of holding a gas at one temperatun- may be unable to do so 
at higher temperature. 

It is probable that, on active metals, the “ availability ” of the 
^surface varies from gas to gas. On the closely packed facets the 
adsorption forces are, as we have seen, much weaker than on the more 
open surfaces, and gases which are not refidily adsorbed, such as the 
non-polar, more perfect gases, will not bo adsorbed strongly on the 
crystal facets. On the other hand, polar and easily liquefiable gases 
'will be adsorbed over the entire surface. 

This differentiation in the strength of union between adsorbate 
ud adsorbent is also exemplified in the adsorption of oxygen at. 


» J. Amer. Chem. Soc., 1923, 46 , 920. 
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chan'oal and aorne metal Hiirfacea It is found, for exampL, .liat if 
oxyfjen lie adsorbed on to a charcoal surface three types of surface 
compounds can be identifaed A small fraction of the oxygen may be 
nmioved as siudi by evacuation, a larger portion may be removed as 
caibon dioxide by exhaustion at relatively low temperatures, whilst 
a Hurd more stable portion into which the other forms are gradually 
converted is only removed at very high temperatures in the form of 
c,irbon monoxide and (arbon dioxide Whilst three forms of carbon 
surface, the diamond, the paralfiii or chain, and the ('theiioid (to which 
the bl.uk colour is due), are undoiibtedlv ]>resciit, the alteration m the 
tvpe 01 the strength of union betwemi the superficial and the tinder- 
l\mg carbon atoms is reflected in the .ilteratioii in the carbon oxygen 
linkage KideaP noted that oxygen could be adsorbcul on a nickel 
surface in two foims, one readily reducible by hydrogen at low tera- 
[leraluies, and the other similar to a sufierficial co.itiiig of nickel 
oxide ()nl\ reducible at ndatively high iem[)eratures These ob.serva- 
tions have' been extended ,ind (onfiimc'd liy barsoiP in the case of 
copper 

'I'hi' c'vnh'iice for a vari.ibility in the charaeder of a catalvst suifacc 
IS provided not onlv from coiisideiations in resjic'ct to crystal structure 
and (he adsorption of gasc's, but also from cxperiment.d cl.itii on the 
lale of catalytic cliange Such exidencc' is [irovidc'd from two diflerent 
considerations We may on the one hand, calculate the rate of 
condensation of leacdaiits and rate of evaporation from the catalyst 
Mirfiiie with the ,ud of the lleiv-Kniidsen ecpiation and a knowlc'dge 
of the amount of gas adsorbed under the* exp('rimeiital conditions, and 
compari' this theoretical maximum i.ite of re.ution with that actually 
olist'rved It will be found th.it but -> minute fraction of the molecules 
adsorbed on the suifacc .ictually undergo chemical reaction, this 
fraction is found to viirv with the nature of the cataUst surface and 
is not depemdent on the energy of activation of the' reaction as is 
exemplified bv the foflowing data of Hmsludwood and To[iley ^ on 
the decomposition of formic acid into carbon dioxide and hxdrogeii at 
v.irioiis surfaces 



Duioglass J4,.‘)0() 2 5 K)-’ 

(.'eld -M5U() * ;)_> l(l'« 

.Silxc'i ' ;il,(HXI 103 1(1-'' 
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Evidently the catalytically active patches are greater in extent on' 
the metals of the platinum series than on silver and gold or duroglass, 
whilst the energies of activation are all comparable, with the exception 
of palladium. 

Again, we find that on the addition of minute amounts of poisons 
to catalysts a very serious reductiou in the reaction velocity occurs 
without any sensible diminution in the adsorption of the reactants 
taking place. Many cases of (pialitative fractional and selective 
poisoning will be discussed in a subsecpient section. A few (plant itative 
experiments have been made on the relative areas of j)atcli(‘s of varying 
activity; thus RideaP found that tt-Ol p<‘r c(‘nt only of a nickel 
surface was effective in catalysing the union of hydrogen and etliyleiu'. 
Pease ^ noted that but a few cubic millimetres of carbon monoxiih' 
poisoned a copper surface for the same reaction. Rideal and 
Wright^ found that on an active sugar charcoal O-Ul per c('nt of the 
surface was autoxidisable and 4t) jier cimt of tlii' surface was 
catalytically active. 

Recent ('Xjieriments by Richardson'* on th(‘rmionic emission from 
metal surfaces have revealed the interesting fact that electron emission 
from a hot surface does not occur uniformly ov<'r tlu' surface hut 
ajijianuitly from loealis(‘d patches It is an miere.'itmg spt'culalion 
to assoeiati' these patclu's which are thermionically active' with the - 
active patches ideiititiable by adsorption and catalytic nii'ans. 

That some connection may exist is ('vident fiom the expi'riments 
of 'riiomji.son,'"^ wlio showed that thermionic ('mission commenced 
fnun a platinum wire when raised to tlu' te'inperatiire at which the 
union of hydrogen and oxygen on the surface comnK'nced. Langmuir ** 
likewise noted that when suflicient poi.son had b('('n admit te'd to a 
reacting sy.st(‘m containing a catalytic tungstdi win' to siippres.s tlu' 
catalysis, thermionic ('mission was .smiiiltaiu'ou.sly supj>re.ss('d. 

Activation of metal surfaces. In the fon'going .scm lions we liave 
di.scussed somewhat briefly the evidence in favour of the hyp(4hesis 
that cataly.sis occurs on localisi'd reaction ceiitn's which may Ix' 
n'latively small in area compared to tin' total surface exposed to the 
reactants. These localised reaction centres arc ( haractensed by strong 
ad.sorbing powers, as is exemplified by the behaviour of trace's of 
Jioisons on the reaction velocity ; whilst thes(' in turn are n'lated to 
the configuration of the metal surface, an ojM'ii packing or irregular 
atomic distribution being more efb'ctive than a clo.sely j)ack('d surface. 
These conclusions throw light on the process of activation of a metal 
surface. It i.s well known tliat repeated alternate oxidations and 
reduction at low temperatures rendi'r metals such as copp(‘r, iron, 
and nickel extremely active. An investigation on the increase in 

* JaK Cl I. 

* -f <'hrm Xor , 127, i:U7. 

* Phynkal. 1913 , 14 . II. 


^ ./. Amrr. ('hem .sVv . ItO. 46. lifCl. 2291., 

* Prnc. Hoy. XW., 192.''., 107a. 377 

* Ijoc. at. 
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catalytic activity of copper for the dehydrogenation of ethyl alcdbol 
after a eeries of oxidations and reductions at 250° C. showed that if 
precipitated copjicr oxide were utilised as source of copper a marked 
increase in catalytic activity was to be observed after two reductiop. 
processes had been completed, subsequent oxidations and reductions 
scarcely alfecting the catalytic activity In the first reduction copper 
IS formed from cupric oxide, and a skeleton of metal pseudoinorphic 
with the ongimil copper oxide results Dunn * has shown that this 
“ opi'ii ” variety of copper is stable up to 400° C , at higher temperatures , 
it commences to sinter and reverts back to the more closely packed 
configuration of metallic copper, with a corresponding reduction in. 
])ermeabilify fo gases and catalyfic activity On the second oxidation, 
cuprous oxuh' is formed which, on reduction, yields an even more open 
network of copper Subsequent oxidations and reductions do not open 
the lattice any further, and it has been noted that even a small decrease 
in catalytic activity may occur, due to collapse of the open structure. 
This artificial increase in the relative area of active surface must be 
distinguished from an mcrea.se iii tlu' total surface area by artificial 
means, an increase which may be a.ssociated with a relative decrease 
in lh(' fraction of surface catalytu ally active*, a point which wm shall 
have occasion to discuss in a subsequent section 

The reaction velocity of catalytic changes, -fn the preceding 
sections arguments liavi* been advanced m support of the hypothesis 
that molecules adsorbed in the primary film are orientated and held 
relatively firmly Such ad.sorjilion i.s onenlnfed, .since jiartieular 
groups in complex moh'cules alb'ct the v.iliies of the adhesional forces 
In addition we havi* noted that only a small fraction of the surface 
even of an active material is eatalytically (‘ffeetive 

Bodensteiri” and Bodensteiii and Stock “ assumed that reaction 
proceeded m the adsoibed gas layer around the catalytic material 
whuh served nieiely to eonden.se the gas in an atmosphere around thi 
surface The reaction velocity, on tins view, was governed by the rate 
of (hniision of reactants or products through tins adsorbed thick film 
the thickness of which wa.s a function of tlie jire.ssure Tins point oi 
MOW was shown to be untenable by Langimiii ^ for heterogeneous 
gaseous reactions, but, as we shall note, limitations due to rates of 
diffusion fn'quciitly play an important part m heterogeneous reactions 
m liquids 

It 18 found, for example, that the decomposition rate of certain 
hydrides i.s materially afTeefed by the pressure of the gas, as is evident 
from the following data 

According to Bodenstem’s view the film thickness should be pro- 
portioual to the pressure for phosphine and arsme, and proportional 
to the square root of the pressure for hydrogen and ammonia 

‘ ZfUmh phijnM Chan , 1890, 29. 6C5 
‘ J. Amr Vhm Sx . 1911). 38, 2280. 


* UnimWiihod e'(ix'iimctits. 
» Btr, 1907, 40,570 
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m, 
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Langmuir showed, from a consideration of the observed r<'!iction 
velocity and the rate of condensation of the gas on the catalyst surface, 
that ‘‘ the velocity is in general not fast enough materially to affect 
the equilibrium between the a<)sorbed film and the surrounding gas 
We must imagine that in such reactions molecuh'S are continually 
hitting the surface, condensing there, and after a tinn* interval more 
or less short cither evaporating unchanged or undergoing decomposi- 
tion with subsequent evaporation of the ^'action j)roducts. Before 
attempting to analyse in more detail the mechanism by which a 
condensed molecule selectively r(‘*eva})orates unchanged or undergoes 
surface decomposition, we find that J^angninir’s point of view affords 
valuable evidence as to the structure of the a<lsorj>tion compound 
that is formed on condensation of the reactant. This evidence, 
together with the inference as to the ]H)ints of attachment derived 
from the considerations previously advanced, gives us a relatively 
gooil picture of the structure of the surface compound. Jn the case 
of the surface catalytic decompositions referred to above, there are 
evidently two extremes : either the surface, Uj iviiwh is meant the 
catahftimlbj actire surface, is covered only to a small extent with the 
reacting gas, or it may be almost completely covered. 

In the first case we may, on analogy with our previous roiisiih'rations 
(p. 35), write 

Rate of condensation of unchanged gas - ; 

Rate of evaporation of unchanged gas 
where n represents the number of elementary sj>aces on the surface 
occupied by each molecule of the reactant and 0 is the fraction of 
surface covered. 

The product of chemical reaction is formo<l by the combination of 
molecules from m adjacent spaces. 

I* ^ represents the'veloeity of chemical change, 


<lx 

dt 
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pH. 




Tfic vcloiily ihiis vanc.s ii.s tlio inln power of tlio fja.s pressure. 
Iti (lie ease of the rhs.soeiation of liydro^eti on tuiifisten Langmuir 

found I, whilst, for (he reeoininnation of hydrogen atoms on 
tungsten In* found 2 These relationships are at onee intelligible 

if it be a.ssiimed that, a hydiogeii atom ocuipies or is attached to but 
one elementaiy space on IIh- lattue, tin' hydrogen nioledile would 
thusmeupy tw'o spaies 'Whilst absolute values cannot be a.ssigned 
to m or t> in sin h lases a.s m the decomposition of tin* hydrides, it is 
clear that in lases such as (he deeoriifKisitK.n of iihosjihiiu' wdiere 

II, diagiaminalie representation is possible by as.sigmng a value 
of in - n 2 foi the ri'aetion 

On this view of valein y of adsorption compounds, stibnine, wdiich 
at. low ternperatiiies pohsesses an ('\ponenl of OO, must be a.ssunn'd 
to iindmgo a composite i(‘aetion, lor it is ih'ar that iirn must 

b(' soim* simple Iraction oi integiT This i.s coiifiinied by tin' fact 
that till' expommt. rises to iiiiitv with elevation of (In' ti'inpeia- 

tiiH' It IS possible that stibnine undergoes two tvpi's of suiface 

leaitioii, OIK' Hiimlai to that of .uniuoiii.i on (jii.irt/ ala.ss, and tlie 
otlu'r com])aial)Ie to ( hat ol <iisiiie, th" hittiT |iiedommatiiig at high 
tern perat Hies 

We havi' noti'd (hat lliete I'Xists another casi' of simple (h'(oinposl- 
tion at <i catalytie siirfaii' in wlinli the surface is eom|)letely covered 
Under the.se (onditions tin* surfaci' concentration will be constant 
and independent of the pressure, thus, the reaction velocitv will be 
indeiiendt'nt of the pressiiie and depend only on the extent of 

catalytically active surface \ nnrnlx'r of reactions of mkIi a tvpc 
corrc'sponding to a reaction of /ero order have bi'cii examined, such 
as the decomposition ol alcohols at a copper surface and the decom- 
[losition of foimie acid at solid surfaces 

Multimolecular surface actions. Similar considerations may lie 
ajifilied to the more complicated interactions, catulytically accelerated 
at solid surfaces A number of these have bi'en ('xamined in detail, 
such as the oxidation of .sulphur dioxide to triovide at the surface of 
platinum,* the oxidation of carbon monoxide at the .surface of ipiart/. ^ 
and of phitinum,’^ and (he hydrogenation of ethylene at nickel surface.s,'* 
and also at copiier surf.n es 


’ llixliiisli'in iinU I'lnl.. C 'Aew , liUT, 60, 1 
^ lUHlt'nsifia and Olilmor, M , HH,V> 63, 17,') 

’ l.iingnimr, ./ Aintr I'Ikhi .Sor IHI,'). 37, 1 lb2 , Tram TiiraJ Sm I'L’l, 17 OJI 
' I’nlmcr. J'ror Roii .Stir, I'.lJl, 99c, 402, lliileil, J ( hem Sor , I0_’L', 39. 309 
“ IVftSf, J Amer Chem Soc , 11I23, 46, llO.l, 2Jll 



ror tno oxidation of rarboti monoxide Bodonstoin and Ohlmer foui 
le following; ^'action V(docitit\s : 

Jt . 

{a) On crv.stallino (|uartz /vP((>\ d\,,, 


(/>) On (|uarfz jzlass 


>lx K'l\ 
tit i\ 0 


\V(* as’NUMK* that on f'rvstallin<‘ ijuart/ fin' carbon nionovidc ocrU])i 
ic clt'incnlarv space on the lattic<‘ wo obtain for the conditions i 
[Uilihriinn 

x,/i, 

>r the oxyerii which we as'^iinu* occupies tw<» elenientarv .sjiaces, 


■a(lion talo's placi* hi tween adjoining carhon nioiuixide niolocuh 
id o\^ cell atoll)'', or 



/\i’(o\ i’o 

1 ipiart / eia‘>'', out he oi hei hand, the adsorjit i \ e forces are appari'lit h 
Oliver at the loialiMsI aitive patches, and we must as.Miine that tlies 
tches are almo<.t coriipietelv covered wdth an adsorfied tilni of carhoi 
ilioxide '1 h(' rate of colideU'^atlon of this jra.s will he 

y,i‘A 

1 since 0 Is small and constant we obtain 


hlh" 

0 oxycen iindercoes reaction when its molecules come into contact 
li tin unc<)\ered .siirfaci* . thus the rate of reaction will he 


tlr 

til 


■LA 


'fh 


Lji.^\ 
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In addition to these smifde cases many nuire complicated exarnplcH 
e been worked out on tlie ^n-neral princj[»lcs lai<l down by Ijanprnuir. 
cut ion may la- drawn to three phenomena occurring' in such surface 
it ions, which appi'ar to lie by no means uncommon, 

(u) Nrtirtto}! by amldci u'Uh (tit wl sorbed uioleadr or atom. -- 
i^tmuir ^ has .shown that e^irbon monoxide undergoes oxidation at 
latinum surface chiefly by striking atoms alreaiiy pre.sent on tho 
face as a result of adsorption of oxygen molecules on two elementary 
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spaces There is some new evidence obtained by Wolfenden^ which 
indicates that some hydrogenation processes occur by collision of 
reactants with hydrogen atoms present on a metal surface, though 
it seems also that not all hydrogenation processes may be so achieved ^ 
(b) Inhibition by reactants —We have noted that the general 
equation for a reaction between two gases on a surface which does not 
adsorb either reactant very strongly can be expressed m the form 


dx 

dt 




whore d,, 6^ re|)resent the fractions of the active surface covered by 
th(' respective n and m valent reactants 

If the surface be almost completely covered with both reactants 

d, -f dj-l, 

whence = -di)'". 

Thus, the reaction velocity will be at an optimum for a particular 
ratio of the reacting gas pressures sinking on cither side of this optimum 
IS the ratio of the reactants is increased or decreased The existence 
)f this o})timum has been shown for ethylene and hydrogiui at a 
loppor surface by lVas(\ at a nickel surface by Rideal, and at a charcoal 
iurface m the oxidation of oxalic acid by Itideal and Wright 

(c) Inhibition by the, leachon jiroducts—h) I In' case of the hydro- 
genation of ethylene the ethane produced does not exert any inhibiting 
iction, but many cases are to be found in which the reaction jirodiicts 
are strongly adsorbed and thus slow down the reaction velocity. Thus, 
Bodenstein and Fink noted the inhibiting action of sulphur trioxide 
on the oxidation jirocess of the dioxide at the surface of jilatinuni, 
Burk and ilinshelwood ^ that of hydrogen m the decomposition of 
ammonia, and H inshelwood and Pritchard^ of oxygen on the de- 
composition of nitrous oxide at platinum surfaces 

Wo may divide these cases into two classes, those in which the 
reaction product is very strongly adsorbed, and those in which it is 
adsorbed relatively as strongly as the reactants As an example of 
the former we may take the case of the oxidation of sulphur dioxide. 
We may imagine the catalyst surface covered with a layer of SOj 
molecules each occupying two elementary spaces 

The rate of condensation will be and the rate of evaporation 
v will be constant, since the surface is nearly completely covered 
Since equilibnum obtains 

In the presence of excess oxygen any vacant spaces on the active 

‘ Frve Boy Soo , 1920, IIOa, 4«5 

* Taylor and Marsliall, ./ Phy» Chem , 192C. 29, 1140. 

’ J, Chtm Soc , 1926, 127, 1105 * J, Chem. Soc , 1925, 127, 331. 
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fe^talyst will be occupied by this gas, and the sulphur dioxide entcra: 
into reaction when it strikes the space occupied by the oxygen at a 
rate proportional to d/xso,. Hence we obtain 


dx 

dt^ 


»^2(%S() J »'2/AS0, 


■J 


VP.- 


Pso, 


M)3 


In the presence of excess sulphur dioxide the react icm vel(H'ity will 
dx P i 

evidently be . == K V , m agre(‘ment with the exj)erimental data 
V'P,m.3 


of liodcnstein and Fink. 

in the decomposition of nitrousoxidt' at a platinum surface, according 
to the equation 


2N2O ^ -> 2 Nij-f()a. 


Hiushelwood and Pritchard^ found that oxygen exert<‘d a retarding 
influence. If 6 be the fraction of the active surface covered with the 
oxyg<*ii film at e<iuilibrium, the rate of condensation and eva])oration 
will be equal, or 

ap( 1 -- 6) vd, 

whence [ -0- - , , 

f a/x I + otOg) 


The rate of deconipo.sition of nitrous oxide on the liare catalytic surface 
^\lll be accordingly 




<'N,() 

I f b{o^y 


dx K{a-x) 
dt i + hx 


where a is the original pressure of the nitrous oxide. Tlie agreement 
between th<‘ observed values and those calculated with the aid of the 


above eijuation is shown 

in the following table 


i\),. 

dx 1 
calc. 

dl \ 

obncrvc‘(l 

at 

23 

40 ! 

44 

' 40 

‘ 35 

39 

74f) 

i 29 

20 

112 

; 20 i 

20 

159 

i ' 

15 

20t> 

1 10 

12-5 

257 

! 10 i 

10-4 

; 305 

1 

9 


i 


‘ J. Vkem. Jioc., 1926, 127, 331. 
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The reaction velocity in solutions.- In the case of heterogeneous 
catalytic gas ri'actions we have noted that the ditfiision hy])othcsi8 
of Earaday and Bodeiistein could in general not he substantiated 
In all cases yet examined the observed surface reaction velocities are 
much smaller than the rate of contact of the gaseous reactants In 
solutions, however, and jiossibly also in cases where the surface reaction 
velocities are high, such as in the oases of surface combustion examined 
by Bone, the rates of ditfusion may be eompaiabh' to the rate of 
chemical action It is clear that if the rate of dilfiision lie the limiting 
factor m such action, the influence of temperature on the reaction 
velocity will be that eorresponding to the temperature coelh< lent of 
dilfusion, which is small in gasemis and Injuid media 

Zero order reactions. It has alnaidv been observed that m many 
heterogeneous gas reactions, such as the deeoin|)osition of aholiols 
and esters at the surfaci'S of metals and metallic oxides, the late of 
decomposition is indcpendiMit of the pressiiie, an I'xpiTimeiit.d fact 
ri'adily intelligibh' on the assumption that the reaitants ai(‘ stionglv 
adsorbed and that the naietioii vi'loeity actually measured is the rate 
of conversion of the adsorbed leuitants and sul»se(|neiit evaporation 
of the [irodiiots. At siiHiciently low pressures a di'parture from zero 
order reaction is to he antK'i|aited Such zero order leiutions are 
freqiK’iit in Inpiid systems We find, for (*xani[)le, that niaiiv enzvme 
reactions such as the hydrolysis of sugars as observed bv \inistj()ng,i 
Hudson - and Nelson,'* obey within wide limits sm li a law (see also 
('hap, XIII ) 

Tlie case of the hvdrogmuition of urisaturated organic substances 
at colloidal and massivi* nickel and platinum surfaces presents .some 
interesting b'aturcs The reaction velocity of hydrogeiialmn has beem 
studied with a view to eliieidation of the inc‘C‘liaiiisni by a luimbc'r of 
inve.stigatois, notably Paal,'* Kokin, ■'* I'bblcdiode and Svaiioc*,'’ Thomas,’^ 
Rideal,** Armstrong and Hildileh*' Oiu' of tin' factors uMeuiinec ted 
with the inechanisin of the reaction is lhc‘ rate ot supjilv cd hvdrogen 
by difl'usion through the licpiid to the c’utaivst surface It is found 
that tins rate' of supply is augnientc'd In agitation, the rate of liydro-* 
genation is determined over a limited range bv the agitation rate 
and the relationship 

1 .^ .. 

, - Air 

is obeyed 

A similar dependence of reaction velocity on the agitation rate 
was noted by Bredig and Teletow in the decomposition of hvdrogen 

' Ptik, Jhi/ XV. M.M. 73, f)(ie - ./ Amfr Vhnn. S,^ . ItlOS 30, lllSi, I5W 

’ Ihid, ISnO. 38, llWt. * h'tr, 11)07, 40, J.'Kitl . I'fOS, 41 HO,', 

‘ ZeiljfiA angtw ('hem 1 'MIS. 22. U>1 1402 " Ihtd . 1010, 32. 2.)7. 27(i 
’ ./ Chem Soc /«*< . 1020,38. 120 " Fmui Xo<> lO.M. 19, I 

’ Prvf Koi/ XV, 1010 OOa, 1J7 1020, 98c, 27 . 1021, 100c. 240 
Zalsch PleLtnKhtm., lOOO, 12. .'581, 
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p^»^oxi{ie at a platinum surfacf'. In this caso a limitation to the rate 
of reaction is sot hy the rate of dilFusioii of hvilrogon juToxido through 
the “ diffusion layer " ’ of water adhering to the platinum, the thickness 
of this layer being reduced under increased agitation. Above certain 
critical speeds, however, it is found that (he rate of hydrogenation 
as well as the rate of (h*composition of hydrogen peroxide is unalTected 
hy the rotation speed, and the rate is thus not inlluenced hy the rate 
of Mupj)Iy of hydrogen to the catalyst. An I'xamination of the hydrogen 
uptake time eurves iiniicates that witli pur<‘ materials and active 
catalyst tJie curves are linear in character until the reaction is nearly 
coinpleti'd, when a unimoleeular form app<-ars With old and feebly 
active catalysts the zero order portion of (he curvi* beionn's smaller 
and the curve over an exrt'nde<l jieriod of time acijUin's a nnimoleoiilar 
ciiaracter. It has also been shown in the ease of sodium ciniuimate 
and sodium plKuiyl propriohite that these reactants an‘ strongly 
ads(>rhed hy a colhudal palladium <a(alyst It a[)pears (hat the rate 
of reaction in the hydrogenation of pure suhstaiiccs is proportional to 
the conccntratifui of a ternary conijde.x hydrogen -unsat iirated ectm- 
poiind-catalyst, similar to tin* many lumoleeular surface gas reactions 
already discussed. 

For orgaiiK* suhstances strongly adsorbed at the catalyst surface 
thusurfaci* eoncentiation will be indcjiendent of the hulk concentration ; 
for substaiHM's feebly adsorbed and on inactive catalysis tin' surface 
coiKMMit ration will he rela(e<i to the bulk ( <»neen( ration by an equation 
of (he Freundlich or Langmuir typ(‘ The reaction velocity will thus 
1)(? independent of the bulk conciuitration until tin.'* falls to such a 
valiK' tliat tJie surface coiK’entration sutlers a diminution. Poisoning 
ity re.iction products, gradual adsor[»tion of )»ois(Ui from the nuictioii 
mixture, aeciimiilation of impurities in (he hydrog(*n, and other similar 
disturhances, readily eau.se a departure Irom the linear type (if curve. 

Uni- and pseudo - unimoleeular reactions. Whilst ov(*r a large 
jiortion of the curve tin* reaction xudoeitv of hydrogenation is of zero 
order with respect to tin* siihstanee uielergoing hydrogenation, lh(‘ 
(dfeers of variation of hydrogen |»re.s.snre are hy no means so definite. 
If th(‘ adsorption (’(uiijilex nickel organic .suhstanee is relatively stable 
it IS clear that, as in the ethylem* hydrogen ('(iinbination (Uideal and 
Pease), the reaction velocity should he proportional to the hydrogen 
pressure, a eoiiclusioii verified experimentally in siinjde eases by 
Armstrong and Hilditeh. For low eoneent rations of catalyst the 
increase in rate is le.ss than jiroportional to tin* mcreas(' in jire.ssure, 
whilst It was found that if the unsaturated eomprjund contaimul a 
group which had an atfinity for nickel hut was not open to hydro* 
genation, an increase in hydrogen j»ressure (‘aused a more than 
corresponding increase in reaction velocity. The di^composition of 

’ tV.,. Noyes and AVhinii-y, Zfft«ch. phjmbiL Chtnt , 1897, 23, 689 , Hniniirr, ibui., 1900, 
35, 28.3 : XelTint, i/W.. 1904,’ 47. 52. 



:«!; r<ATtt®(i8 

'hydrogen peroxide at the surface of massive platinum is, as we have , 
holed, limited over a certain range of speed of agitation by the rate 
of diiriisioii of the liydrogcn peroxide through the diffusion layer, and 
is thus psoudo-ummolecular m character 

At the surface of colloidal metals and oxides such as platinum, 
manganese dioxide, cobaltic oxide, and copper oxide, Bredig and his 
CO- workers ^ obtained an approximately ummolecular rate of decomposi- 
tion in slightly alkaline solution There is, however, a relative increase 
in the velocity constant as the reaction proceeds, and, in addition, 
the temperature coefficient is relatively high {ca 2-4 for 10° C rise). 
These two facts cast doubt upon the hypothesis that the pseiido- 
ummolttcular character of the reaction velocity is a measure of the 
diffusion rate of hydrogen peroxide tlirough the diffusion layer It 
is more than probable that but a small portion of the colloidal particles 
arc catulytically active, and that we are measuring the true rate of 
chemical reaction at the surface The phenomena associated with 
colloidal catalysts receive a more detailed consideration in a sub- 
sequent chapter (Chap. XJll ) 

, There are many other ('xanqih's of catalytic acceleration by massive 
and colloidal platinum to be noted in aqueous solutions. Thus, a 
number of ionic oxidations an* acceleralisl by the mi'tal , e g. 

Tr'-f-ll -^Ti''' iJf Dietliolin and Forster, Zcdsch. 

phijsdal Chem , 1908. 62, 129 

CojiCN)^/'' f H — Co((!N)„'" + lI Denham, ?hn/ , 1910, 72, 641 

Manchot and Jleizog, Ihr Chem 
Ges , 19(K), 33. 1742 

Cr“ + n — Jablczynski, ZnLsefi pln/sikal. 

C/icw , 1908, 64, 748 

Whether these reactions arc limited in respect to their velocity by 
diffusion or the specific surface chemical reaction rate, requires further 
investigation It is more than probable that the transition from one 
limitation to the other on agitation of the liquid, as noted in the case 
of hydrogen peroxide, may be obtained in these casi's also 

The energy of excitation.— In the case of bmiolecular gaseous 
reactions we have noted the necessity for adopting the hypothesis of 
active or excited molecules, the energy of activation or excitation 
being provided by inelastic collision For heterogeneous reactions 
likewise a similar hy^iothesis is neces.sary, for a simple calculation 
^indicates that but a small fraction of the molecules of a gas impinging 
on an active catalytic surface actually suffers decomposition Wo 
have noted that many such actions proceed with uniform velocity 
although the pressure of the gas or concentration of the reactant m 
solution may undergo wide variations, and it is mf erred that the 


ZetiMh, pAytiial. Vhm , 1809, #1. 258 , 1901, 37. 1 , £er., 1904, 37, 798. 



i^taljrtic surface is strongly adsorbent. Thus, the increase in velocity 
of the reaction on elevation of the temperature will, as we shall note, 
for these reactions, be almost a true measun* of the critical energy 
ihcrement. In niauy reactions, tlie active surface may undergo 
alteration in area on elevation of the tiunperature ; thus, poisons may 
bo partially desorbed with consequent increase in active area; the 
temperature coefficient will in these cases be abnormally large. Again, 
the configuration of the surface of a sensitive catalyst may alter as the 
temperature is raised, due to the increased rato of sintering. In the 
case of heterogeneous biniolecular reactions, inferences from the tem- 
perature coefficient of tlu* reaction are liable to be misleading; thus, 
if one reactant be strongly adsorbed and the other undergoes reaction 
when it strikes a vacant space on the catalyst surface, the temperature 
coefficient will }ncld merely a njcasure of the latent heat of adsorption 
of th«^ strongly ad.sorbed reactant. 

For .simple surface reaction.s, however, pr(K‘ee<ling under comlitb)n8 
so that the surface is always .saturated, the calculation of tin* energy 
of excitation yields approximately correct values. In the eases 
fulfilling these conditions, which have been examined witli care, it is 
found (hat the energy of excitation of (he catalysed reaction is always 
less than that of the uneatalyHe<l homogeneous bimolecular gas 
reaction. 

Thus, in the decomposition of nitrou.s oxide, which occurs both as 
a bimolecular homogeneous gas reaction ami on the Hurfac(‘ of platinum, 
Hinshelwood and Pritchard ^ found for the liomogeneous reaction both 
from the tciiijHTaturc coefficient and from tin* relationshij) 

Number of efiective collisions ' 

Total mirnber of collisions 

a value of /i=55,(XK) cals., whilst from tin* temperature coefficient of 
the surface reaction a critical energy increment of 32, 5(H) calories per 
grm.-mol. was found. Kideal and Norrish - found for the homogeneous 
gas reaction Hg + .JSg- HjB, a critical incremeut of 51 ,460 cals. ; for the 
surface action between hydrogen and .sulphur, a value of 25,750 cals. 

Hinshelwood has pointed out that in the case of simple decomposi- 
tion of NgO, HI, and CljO, for the surface reaction the activation of 
one molecule takes place, but, in the bimolecular gas reaction, the 
critical energy increment to be supplied must be sufficient to activate 
two molecules of the reacting species. The acceleration produced by 
Such a conversion from a bimolecular to a “ unimolecular reaction 
is thus clearly intelligible, although the actual energy of excitation 
per gram-molecule may be very similar in the two cases. 

In the case of homogeneous bimolecular reactions the energy of 
excitation is supplied by collision between the molecules. It might 


J. Chm. Soc., 1925 . 127 , 330 . 


» J. C'hem. Hoc., 1923 , 123 , 3216 . 
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be 8iigg(*st(‘il tliat only^ tliose molecules hitting the active catalyst 
surface with kiiietie energy e(juii] to or in excess of tlie critical value 
undergo activation and de(‘om[)osition, the remainder mendy con- 
densing and iiiidergoiiig siihseijiKUit evapoiation 

There are, however, several alternative possibilities which’ cannot 
lightly Ih' (IihuiissimI Thus, we may consider that an adsor])tion 
compound is first formed betwi'cn catalyst and reactant, and that this 
compound is siibseipieidly siij>plied with activating energy by collision 
or by radiation Again, the actual act of adsorption may result in the 
jirodiiction of an activated species Thi' kinetn energy of the aicom- 
jianying molecule, the .surlaie eiieigy of the catalyst, and the 
change in mteinal energy of the surface and adsorbate consequent on 
the loriiiation of the surface lomplex may all contribute to such 
activation The spiriluity and loialised activity of catalvsts, as well 
as th(' extreme rapidity with whidi the kinetii, energy of a (ollaliiig 
molecule is (iampi'd on lollision with a solid siirfaie (liaiigmuii), iavour 
the View that the activation occurs in the lataKst-gas complex. 

The relationship between evaporation and (haoiiiposition of an 
adsorbi'd moleeiile may bi- suggestively consHh'i'i'd in tfu' Inflow ing 
maniK'r Tin' number of inoleimles evapoiating pel second piT unit 
area of lutive siiiface at .i temperature T mav be wiittim, il such 
surface bi' covered at all tempeiatiiKvs, 

Q 

Ah" l'’l\ 

whine N IS the niimbm adsoibed and * the mean lib' of an adsoibed 

V 

molecule aftei activation with a (pi.uititv ol eiiergv Q, the lati'iit heat 
ot I'vaporation The niinibei ol molecules p('i unit area ol active 
surface iimlergoing decomposition pei second will be 
/, 

A'ch 

where , is the mean life of a molecule after activation with fy the 

V 

( ritical eiieigv increment for dec onqtosition 

TIk' iiK'aii lives and , of tlii' comiilexes bf'tween exiitation and 

V I' 

(‘vaporation or dismtcgiation correspond to Maxwell's jieriod of mole- 
cular relaxation, since not oiilv are vaiant sjiaci's tilled up immediately, 
but the adsoibed molecules ma} be regarded as akin to a two- 
dimensional gas possessing purely vibrational energy m one vertical 

plane. Tin* tunc of molecular relaxation in a homogeneous gas is 

where t] is the viscosity and A the density, and thus vanes but slowly 
with the temperature Bmee the process of readjustment of the 
distribution of energy m the surface phase after evajmration or dis- 
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intejrratioii is tho same, it is |>robrtb!(‘ that the mean liv(‘s are extrmnely 
short ami ])ossibly n'latc'd to Q and K by tin* rehit)onshi[) Q~ Mw\ 
Shv , as siij;G<'sted on p. 41. 

ICvcn more complex are eases such as the decomposition of aleoliols, 
esters, and formic acid, the surface compounds of wliicli may underj?(» 
evaporation, and two diiferent types of surface deconijiosition (‘ach 
with its own cliaracteristic critical eneryv increment for the particular 
catalyst emplo\ed. Tlie fact that tlu* rates of the two inodes of 
decom|iosition an* in no uay relat<*d to tin* critical ent‘r^^y increments 
is ('h-arly in favour (d the hypotln'sis that we are dealing with two 
surlace eompminds of different character and structure, each of wjiich 
may uiiderg<» the cvajioration change but only one form of decom- 
position. It is to be anticipat(“d that the heats of a<lsorj)ticMi to form 
tln'se two species of (‘ompourids would lx* different, and tin* liypothesis 
of the exist enci* of tllt'Se two types might thus receive exjteriniental 
(MMifirrnation 

Apparatus employed. -The most imp<utant heterogi'in-oiis catalytic 
n'actions include thoM* in which tin* reactants an* force<l through a hed 
of granular contact material, the efllin*nt ga.ses or Inpiids being then 
subrnitfi'd to aii.ilysis .Many examples of such rea<'tions are to be 
found in lechnnal practice, .^uch as the catalytic proci'ss for the. 
pieparatinn of ammonia, hydrogen from water gas, the removal of 

<‘ahium and magnesium salts from hard waters by sodium zeolites 

or clilonin' from liydr(tchlonc acid 'I’ln* a<l\ance ti> lx* reeord<‘d in 

the Sii-'iitific iii\ e.^t ig.il Ion of the hydrodynamics of the probh'Ui is 

not considerable 

It iv at once e\nlent that if a volume 1' of r('a<taiits be jiassed 
tliiough a \olumc v of matc'rial jier hour, the "space \e}ocity" or 

the \(4ume of gas passed through unit \oIume of catalyst is ^ litres 

(or c c.) per litre (or c.e ) per hour The "s|iace v(*hx’itv ’* (or S W) 
i.s an imp«irtant characteri.'stic, e.spi*eially for l(*elinicul purpose.s, ami 
a clear statement of the sjxice \eIocity is iiece.s.sary when the feasibility 
of any pnxess is under di.s<*u.ssion A closer analysis of this definition 
will, however, indicate that there is .some urn ertainty about the details 
of this coix'eption Jt must be uuderst(xnj that the S.\'. (space 
vehxity) i.s always reff'rred to tin* r<*aetaMt.s at normal temjx-rature 
and pre.s.sure, a matter of eon.snlerahle importanee when the reaction 
tak<*s place in the vapour or gaseous state at elevated temperatures. i 
Again, the eoiieepfion of “ reactant “ permits of a certain degrei* of 
latitude ThUvS, in the syrithesi.s of ammonia from nitrogen and 
hydrngen in the .stoichiometric ratios I : •‘1 both the gaseous con- 
stituents take part in the reaction, and since the .stoiehiometrie relations 
are not altered after catalysis, both ga.ses are to be considered as 
reactants. In other cases, .such as in processes of hydrogenation, of 
selective combustion, or of the conversion of water gas into hydrogen 



and carbon dioxide in the presence of steam, the question arises as^u 
whether the S.V ahould be referred entirely to the reactant, i.e. tEa’ 
Hiibstauce undergoing hydrogenation or combustion, or again to the 
carbon monoxide in the water gas Thus, in the case of the water-gae 
conversion, the quantity of hydrogen in the gas or of steam employe(| 
miglit conceivably modify profoundly the velocity of reaction at the 
surface <h’ the catalyst. 

The procedure generally adopted is to refer the S V. to some 
important constituent of the reactants. Thus, in the water-gas 
reaction, the S V. may be taken from the mean of the total volume of 
ga.s entering and leaving the catalyst mass corrected to N.T.P after 
condensation of the steam, whilst in cases of hydrogenation of, say, 
an oil, the S V. would be referred to the mass of oil hydrogenated per 
unit volume of catalyst space or per unit mass of catalyst. 

From the space velocity a second figure, no less important for 
technical operations, may be obtained, namely, the “ space time yield 
(or STY) If tlic fractional conversion of reactants accomplished by 
a .single passage through the catalyst mass at a s[)ace velocity of V 
be R, then the space time yield or the yield in litres of desired product 
per litre of catalyst space per hour will be R V. In many cases, for 
convenience, the S.T.Y is expressed in kilograms per litre of catalyst 
space per hour, or other similar units which give a numerical value 
to the product R V 

It may be observed that there is a relatioiwhip between R and F, 
since fur low values of F the equilibrium under the conditions of 
operation is arrived at and R attains its maximum value With an 
increase in tlio space velocity, equilibrium amongst the reactants may 
uot have time to establish itself during tlio passage through the contact 
mass, and with exceedingly high space velocities the composition 
of the reactants will scarcely bo affected by such passage Thus, 
to attain a maximum value of the jiroduct R F, it is not necessarily 
or indeed always desirable to limit the space velocity to such low 
figures as may be neces.sary to ensure attainment of equilibrium. 
Higher values for the S V. and a lower conversion may give a greater 
output per hour The R V, V curve will consequently assume some 
such form as the diagram (Fig 4). 

(i.) The region 0 to a, m which equilibrium is established at all 
velocities up to a space velocity of a', whence the product R V is 
proportional to F. (ii ) The region o to b, where from space velocities 
a' to h' equilibrium is not established and the percentage conversion 
gradually falls off, the product R V increasing, however, with in- 
creasing values of F. (iii.) The region b to c, where, with exceedingly 
high space velocities, the rate of diminution of R, the fractional 
conversion, exceeds the rate of increase in the space velocity, with a 
consequent decrease in hourly output 

In all circulating processes the optimum space velocity is repre'.. 
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^nted by the point h* on the characteristic R V, V curve, whilst 
ht non-circulating processes the maximum hourly output and the 
best utilisation of the reactants (in those rases where equilibrium 
conditions are desired) is attained at space velocities indicated by 
the point a’. 

No satisfactory data have been published on the design of converters 
for such types of heterogeneous catalysis, but tlie following points 
which bear upon this subject may be mentioned. 

We have derived a figure for the space velocity from a consideration 
of the rate of flow of the reactants through a given volume of catalyst 
space. This figure evidently gives us no information as to the actual 
velocity through that space, since part is occupied by the catalytic 



material. For purposes of calculation we may assume that the catalyst 
consists of a number of uniform spheres, and, further, that they are 
packed in a simple and regular manner in the catalyst chamber. 

It can be eaaily shown, for the simplest tyjje of spherical packing, 
viz. point contact in sets of three, thus : 

O 

00 

that the free space unoccupied by the spheres (assumed inelastic and 
incompressible) is 33*5 per cent of the total volume occupied and is 
independent of the diameter of the spheres, whilst the free cross- 
Bcctioual area is 9*55 per cent of the area of the catalyst chamber and 
is likewise independent of the diameter of the spheres. The dependence 
of the area of contact exposed by the surface of the spheres on the 
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fliametcr of the iiulividual is exemplified in the following curve {Fig, 5), 
The ai! van f ages of fine packing are clearly demonstrated 

The works of 0 Ri-ynolds on gravitational theory, and of Pope 
and Barlow on ehernieal cry.stallography, may he consulted for other 
typ(‘S of Hjiherioal [lacking They will he of use in giving an orientation 
into the jiroblein.s of arrangement of the latalyst hed, hut their utility 
IS limited liy 1,he deviations of tlu' catalytic material from spherical 
sliupe 

It IS evident that for a S V of V the true .space \elo(i(\ is a|)' 
|iio\imutely .‘iP, when due allowance is made for the spacs- ocdipusl 
hy the catalytic material, and that the linear velonty in irnties per 



Surfnci area in square decimetres pei litre of catalyst space 
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seeintd mav he ohtainetl hy <alculating the late of How m a tube 
one-tenth the cross - see tional area of tin' con\erter In technical 
design a linear Mow rate of It) metres jier second is frequenth 'takeu 
as a convenient basis for calculation of gaseous reactions Although 
fine thvision of the catalyst is desirable from the point of view of 
increasing the superficial area per unit volume of converter sjtud', and 
although it may be possible to presi'rve uniform and ajqiro\imately 
spherical packing m fim‘- grained material. \ct, the increastsl skin 
friction camsed by the great extension of surface to which the reactants 
are I'xposed during their passage, raises the value of the frictional loss 
or back [iressure in the converter to such a high figure as to preclude 
economic working A second objection of a practical nature to undue 
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reduction in catalyst size may bo raised in that even coarse powdery 
are very prone to removal by j)assa‘;e of the gaseous rc'actants. and are 
liable to exhiltit the phenomenon of “ channel formation " due to 
slight unevenness in the distrilmtion of the material. 

Types of apparatus for experimental work. For the experimental 
inve.stigation of catalytic pn^ces.'^e.s involving gas reactions at a solid 
contact substance, two simple type's of ajij^aratus may be described 
Mhich have proved of great utility. 

iSabatii'r devi'loped a form of apparatus which has been u.scd 
with aucce.ss in tin* invi'stigations which In* has conducted with his 
collaborators on the hydrogenation of organic Injuids This typi* of 
apparatus is generally applicable to the study of 
catalytic interaction of gases and of vajiours of 
lujiinh. 

A gla.ss. or pnferably rjiiartz. tube of suitabh* 
dimensions forms the r<*action space, in which is 
.. pluc<'d a layer <»f tin* catalv tic ag('nt to be employed 

I in the case ol nickel a layer of the unreduced 
I oxide. 

1 One end of the tube is closed with a stopper 

carrving two tub<'s. as illustrated in tin* accom- 
I pans mg <ba'j:ram (Fig tl). <tf which one serves as 

I delivery tube for tin* inc<iming gas (hydrogen in the 

I ( a.si* of livdroucnatnm stinlies), the otln'r for delivery 




f the li(jui<l. or of tin* gas to ))e investigated In the cast* of Inpiids 
capillary tula* is emphtyed, the li<|unl being stored in tin* vertical 
lb(' T The rate of flow of Injuid may be regulat(*<i by varying the 
ann*ter of the ca}ullary and tin* height of Inpiid in the re.servoir. 
ibatier recommends that the inflow of li(|uid into the reaction space 
’ constant by arranging (hat it does not leave the eupillary in drops, 
y allowing the end of the cajiillary 0 to toueh the inside of tlu5 
action tube this may be readily attained. If the reservoir T be 
'imeeted with a v<‘.ssel of con.-'iderable dimension.s the height of 
|uid. A R, may be maintained rea,sonably constant over long periods. 

The reaction tube is heated in any suitable manner, either by gas 
me, as in au organic elementary analysis, or more conveniently for 



<ijiG attainnfent of an even tetaperatnre, by means of an elecK 
resistance furnace. In the latter case, where the heating is unifoy^ 
around the tube, the catalyst may be inserted as a plug in the reactica^ 
space as alternative to the layer of material employed in the g^' 
heated tube, The heating should extend stifFicicntly far along the- 
tube to allow of vaporisation of the incoming liquid at 6’ ^ 

With sufficiently volatile liquids, an alternative arrangement is" 
possible in wliich the mixture of the gas and vapour is obtained by 
illowing the former to bubble through the liquid, passing thence’, 
iiroct into the reaction space. By regulation of the temperature of the ' 
iquid and by ensuring saturation of the gas at the given temperature,' 
from a knowledge of the vapour pressures of the liquid, a definite ratio ' 
of gas to vapour may bo readily attained. The authors have found/ 
this is a suitable method of introducing definite quantities of steam , 
and alcohol vapours into the reaction mixture It has been found, 
however, advisable in the ease of steam, first to supersaturate the gas ’ 
with steam by passage through water maintained at a temperature 
higher than that required to give the definite ratio, and then to pass 
the supersaturated gas through a further quantity of water maintained ' 
at tlic requisite temperature 

Sabatier, in the case of solids wliioh arc readily vaporised, places 
the material in porcelain boats inside the reaction space some distance , 
before the catalyst mass The incoming gas carries along with it the 
vapours of the solid arising from the heated boats 

The temperature employed may be determined according to ■ 
Sabatier by means of a thermometer placed alongside the reaction 
tube, when the latter is embeddi'd for evenness of temperature distri- 
bution in a layer of heated magnesia or fine sand. Alternatively, itv 
may be placed inside the reaction vessel, in which case, liowever, there 
is difficulty in ultenng its position to determine the temperature at, 
various points With the latter alternative, a thermo-couple is more" 
useful than a mercury thermometer, owing to the difficulty of reading' 
the latter when inside the tube. 

A modified form of apparatus can be convcmoutly used, more, 
especially for the investigation of catalytic gas reactions at different' 
temperatures. The features of the apparatus are its simplicity and 
adaptability, ease of temperature control and observation, as well aa 
evenness of temperature distribution. The accompanying diagram’ 
(Fig. 7) illustrates the salient details of the apparatus The outside 
glass or silica tube is electrically heated by moans of a resistance wir6, 
suitably insulated and lagged. The upper end of the tube terminatoa; 
in a length of tubing of narrower bore sufficient to pass the thermometer; 
or thermo-couple, which may be adjusted in position at any suitable; 

‘ other rrn>diflrations of this apparatus are described by Taylor and NeMlle, J. Ametx], 
Ckm. Soo., 1921, 43 , 2060, Adkins, •6id,, 1022, 44 , 2177, Adkms and Nissen, 

46. 139. 
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lieight. The cateljiic material is contained in an inner concentric 
tube which, when in position, allows of a narrow space between the 
inside of the heater tube and the outside of the catalyst tube, througl 
which the gases pass up from below and are thus brought to the desired 
temperature. By this arrangement, apart from the radiation across 



the gas space, the heating of the catalyst material is caused by the 
incoming gases, and so can be the more easily regulated. Also, the 
charging of the reaction space with the contact body is more readily 
effected than in the apparatus designefl by Sabatier. Large sizes of 
this type of ( atalyst furnace, constructed in iron with suitable modifica- 
tions, have been employed with considerable success in experiments 
upon a semi-technical scale. 
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CJIAPTEll V 

l-ROMOTKRS, M[XKD, SUPrORTEf), AND PROTECTED CATALYSTS 

The j)0sitiv(‘ ciitalytu* olTcot produocfl by a given substance in a given 
reaction may, it is found, be considerably milianeed by the adiiiivtiiro 
with the catalyst of small quantities of other substances Normally, 
the acceleration produced by a catalyst is ])roportioiial to the con- 
centration of the catalytic agent jiresent, as will be illustrated in 
luinierons ejcani|>les in the following pages , in the case of two catalysts 
accelerating the same reaction, their double effeit is freipiently the 
sanii* as if I’ach wen' nw ting singly This is true, for evaniple, when 
a mixture of colloidal iilatimim and gold takes |mrt in the decomposi- 
tion of hydrogen peroxide But exceptions to this rule an' common 
Mercury and coiqier sulphates each .iccelerute tin' oxidation of anihm' 
or naphthaleiie by concentrated sul|)huric acid Their joint I'tfect is 
greater than tlu' sum of tlii'ir individual activities Mon' especially, 
however, in gas n'liclioiis acci'lerati'd by solid catalysts doi's the 
jihenoinenon leterrcd to become pronounced The moditicatiori of 
catalytic actixity jirodiiced by e\en miiiute quantities of foreign 
materials is in many cases quite astonishing, and exftloitation of this 
faitor has been most marked in lecent jiractical a|)|)lications of 
catalysis. Tins may be illustrated by a textual ([notation from the 
ikdische Conifiatiy’s English [latent '■ on improvcnn'iits m the manu- 
facture of hydrogen by the wati'i-gas-sti'am catalytic process 

“In the researches on the production of hydrogi'ii from mixtures 
of carbon monoxide and steam, according to the equation 

we have found that the [lOwer of catalytic agents generally can bo 
improved by the presence of eeitain bodies wliieli may be termed 
promoters We have found, for instanee, that the aetnity of the 
catalytic agents, ('Hjieeially those eonsislmg of or eontainimz iron, 
mekel or cobalt, or oxides thereof, and also the catahtie aetnity of 
other metals or oxub's even such as. by themselves, are less active, 
can bf' greatly inereased by the addition of certain compounds or 


‘ No tmilim 
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lyodies to which, as aforesaid, may ho driven the name promoters. Thus 
the activity of catalytic agents consisting of or containing iron, nickel 
or cobalt, or oxides thereof, can be greatly increa.sed by the addition 
of 9 xygen compounds of chromium, thorium, uranium, beryllium, 
antimony, and the like. Further, a catalytic agent consisting of i>r 
containing iron in admixture with less than its weight of nickel, 
particularly after working for a long time, yields better re.siilts than 
does either iron or nickel when employed by it.self. . . . Jn many 
cases, ])articularlv wh(‘n using catalysts of weak activity, we jirefer 
to employ as promotiT a compound which differs considerably from 
the catalytn- agent, in particular with respect to valency. chemi(‘al 
basif'ity, and capability of reduction . . 'Fhe c<mtact mas.scs con- 
taining iron as the catalyst agent, and a smaller (piantity of nickel, 
as above (h'M'iilM'd. a.s j)romoter, bring about rapid and far-reaching 
conversion without tin- simultam-oiis formation of im'thane, even 
when a com|}arativcly l(o\ temperature is enij)loye<i. and. as compared 
with pure nickel, are further charact(*ri.sed {e.sp(M‘ially \\him suitabh^ 
oxides or oxy-compounds are lunployed as binding agimts, or as 
promoting) liv po.NS(^^Klng greater stability and less sen.sitivmicss t-o 
<lelet(*rioiis intluence.s such as. for instance, fortuitous iiuTcas*’ of 
temperature ami impurities in the gas mixture ” 

As (\xam[)les of such contact ma.s.ses the juitmit apjtlicalion contains, 
inkf o/m, the follow ing . 

(1) The mixture obtaimsl bv evaporation and ignition of a solutitm 
of S.'» parts of iron nitrati* and lo jiarls of chromium nitrate. 

(-) The nuxtun' obtained by ignition from a solution of the in- 
gredients; p) parts of ferric nitrate, h parts of nn kel nitrate, and 
5 parts ot chromium nitrate 

(3) A preparation obtaineil by solution, evaporation and ignition 
of l!ll parts of iron nitrate. .") parts of ammonium bichromate, and 
1 part of thorium nitrate 

Ksjiecially m this latter case is the jirinciple <d promoter action 
illuslratefl. It is clear from this example that a mixture containing, 
in the main, oxnle of iron with admixture of but 2-r> jier cent of 
chromium compounds and only O'o jkt cent of ceria. is claimed to have 
considerable sujieriority as catalyst over a contact ma.ss containing 
iron oxide alone. 

In addition to the use of promoted and mixed catalysts, con- 
sideration must also be given to the use of catalysts spread upon 
suitabh' supports. Stress has already been laitl on the relation between 
physical comlition and catalytic activity. Experiment has shown 
that efficient distribution of catalyst material may be secured by 
spreading the material upon an inactive support, economy of catalyst 
thereby resulting. The classical example is the use of finely divided 
platinum in the form of platinised asbestos or as platinised magnesium 
sulphate in the contact process of sulphuric acid manufacture. In 
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view of ilie phenomena occurring m the use of promoters and of mixg 
catalysts, it is possible that similar advantageous results accrue 'frd;! 
the use of support materials, wdiich are not to be explained from th 
])oint of view of distribution of catalyst alone. It is for this ri^aso 
that the three classes of catalysts, promoted, supported, and mixer 
are ljei(‘ groupial together for discussion. 


PnoMOTKii Action 

/nformation on the subjei't of promoter action is widely scattered 
through the literature and is in general meagre, being largely limited, 
in tJie field of heterogeneous catalysis, to simple statements in patent 
specilieatioiis that certain substances are able to activate some par- 
ticular catalyst i*easc and Taylor^ collected the major portion of 
this literature with the object of increasing interest m the mvesligatiori 
of this Held. Their comjulation has been followed by u number of 
eommumcatious, from various sources, dealing more especially with 
t]i(‘ iiiochanism of jiarticular catalytic reactions The results will be 
set forth 111 detail m subsequent paragraphs 

The definition of promoter action — In attempting a definition of 
promoter action, Pease and Taylor construed the jilumomenon very 
broadly and included all those vases in ivhich a niixluie of lieo oi mori' 
substances is capable of pwducimj a (junta cataljhc effut than can he 
accounted f 01 on the, supposition that each suhstanec in the inijliiie acts 
iiidependenllj and in, piopoilion to the ananinl pteseiil. 'I'he breadth 
of this defimtion, while useful for jmrposes of literature comjulation, 
has obvious defects It is appanmt that, within the scope of this 
definition, cases of promoter action, of mixed eatalysts and of supported 
catalysts, may all bo included Furthermori'. from what has jirereded 
in reb'i'eiice to the relation of activity to distribution, it us ajijianmt 
that the aniount of a catalyst present is no correct measuri' of catalytic, 
elfect as witnessed by llic extreme variability m calalUio activity pet 
unit area of metallic foil ami metallic mirrors noted bv llinshelw'ood, 
Ilartlev and Topley'” To dctiiic the field niori' particularly Pease 
and Taylor suggested the use of the terms “actuation ’ and ‘ co- 
activatioii ”, the former to designate the activation of a catalyst by 
a substance relatively inert catalytically, or by a small quantity of 
relatively active substance The co-nctivatioii of a number of catalysts 
each by the rest wmiild obviously be a case which we have here designated 
as that of a mixed catalyst. j, 

As far as a si udy of the literature has revealed, the term “ promoter 
was first applied in the patents of the Badischo Amlm- und Soda-Fabnk* ' 
on ammonia synthesis to the substances themselves inert catalytically; 
which are able to increase the activity of a moderately good catal”"^ 

‘ ' y. nysical Chm , 1030. 24, 241. » Proc. Roy Soc , 1922, 100a, 575 

« B.P 19249, 16/8/10, 
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admixture m small quantity with it. It can be maintained with 
|fe)me degree of success that the deliberate admixture of inert materials 
|in small amounts with catalytic agenta to improve the efficiency of 
'the ^catalyst constituted a novel advance in the technique of contact 
^catalysis. It is also certain, however, that tliis enhancement of 
, Activity had been achieved, unconsciously, many times previous to 
^thc -deliberate use of such ad<led agents. Indeed, as will later be 
shown, evidence as to the iiK'chaiusm of the effect produced by such 
additions was obtained many years previously by Ilaxter in an investi- 
gation in no way connected with the problem of catalysis (see p. 107). 
The conscious development of this aspect of the subject by the Iladische 
Comjiany is well attested, however, by the patents covering a wide 
variety of catalytic processes in which the t‘flicacioiis use of jiromoters 
was claimed. In addition to tho.se already mcnlioiKHl, the following 
may be cited. Thus, in hydrogenation processc.s, claim was made ^ 
for tlie use of iron, nickel, cobalt, or copper as catalysts, improved by 
addition of one or more of the following 'often in (jiiantities of less 
than 1 per cent : oxides or oxygen containing salts of the alkaline or 
rare-earth metals, or beryllium, nianganesi*, magnesium, uranium, 
v^anudiurn, nobium. tantalum, chromium, titanium, or boron, or 
diffii'iiltly soluble jihosphate.s, tungstates, or selenates of the* alkaline 
'earths (or lithium), or compounds of fluorine, tellurium, <»r antimony, or 
the elementary tellurium or antimony. For tiie reduction of nitro- 
aromatic com[iounds, anotlier jiatent states that, the copjxT used as 
catalyst may lie considc'rably improved by the addition of zinc, silver, 
magnesium oxide, alumina, or sodium .sili(‘ate. Otlier Badische patmits'* 
deal with the jirornotion of catalysts for mso in the oxidation of ammonia. 
Iron oxide admixeil with small amounts of bismutii oxide or with a 
mixture of bismuth and cerium oxides are examples of tins class. 

In their development of the field of promotixj catalysts, with a 
view to patent jirotection, it is evident that the Badi.sch(* (Vnnpany 
attempted to extend the concept of a jiromoted catalyst to include 
cases wffiich more particularly belong to the cat(‘gory of mixed catalysts. 
Thus, in ammonia synthesi.s, claims wn*re made ^ for tlie use of mixtures 
of metals or their compounds from different group.s or sub-groups of 
the perioilic table. Another ''' claims the use of a catalyst wliich shall 
consist of one substance capable of absorbing hydrogen and another 
capable of absorbing nitrogen, palladium-molybdenum being cited as 
a catalyst. The inclusion of a 50-50 iron-molybdenum catalyst in 
a ..'promoted catalyst patent clearly indicates the effort to include 
such cases of mixed catalysts in the general category of promoted 
patents. Such inclusions undoubtedly weaken any claim which the 
Badische C’ompauy might make to protection for promoted catalysts, 

* D.R.P. 282782, 12/12/13; B.P. 2306, 28/1/14. * B.P. ri692, 16/4/16. 

* I).R.r. 283824, 14/4/14 , 287009, 24/5/14; B.P. 13848, 18/0/14. 

* B.P. 26167, 14/12,11. * B.P. 21151, 26/9/U. 
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3incc there is an ahundance of e.'caniples in tlic prior art of the superiority 
of mixed catalysts over either constituent singly. Thus m the case 
of ammonia synthesis itself, an Austrian patent granted to Hlavati^ 
dairas the use as (‘atalyst of a mixture of titanium or titamfe^^rous 
oodles in admixture with |»latiiium A French patent''^ to the 
Christiania Mine Kompanie claims titanmin in a hiiely divided 
condition on neutral .supports with or wi( limit the addition to the 
titanium of pktuinm or the phifiniim inrtdb Further, the titanium 
could he rep/aeed hy Imniuth, antimony, or alkali or alkaline earth 
metals, provided that platinum or the |i!atinuni nu'tals wme employed. 
The use of metallic coiiple.s as reducing agents'* is a verv old example 
of the mixed metals [assessing an activity when together much gieater 
than the combined efleet of each singly In the lase of the /cinc-copper 
couple the reaction is not generally regarded as catalytic because the 
June reaits; but it is catalytic as regards tli(‘ i upper ('olnm and 
Dakm report the catalytic action of an alumiuiuni'inercury coujilo in 
the halogenution of bmizem', toluene, and xvlene The\ st.iti' that tlie 
fragments of the couple nunain uuehangi'd duiing the leaction These 
examples may la* taken as typical t)t hen uses, rnon' espei i.dlv those of 
mixoiicataly.stsin honiogem'oussystmns.will be discussed at a laterstage 

It would seem desirable, thi'relore, to restiiet the term ‘ promoter 
action ” to the benehcnil elicit pioduced in ,i catalvln agent bv ad- 
mixture VMth a relativady small (pnintih of <i material, inert or of 
negligible catahtic activity in the leadion in (piestion The higher 
activity obtained by using several cataKsIs mixed, ovm that olitaincd 
wlien they are emplo}ed si'paiately. would then be .i (Msc of eo- 
uctivation " At the olhei extreme, the disposition ot ,iii .idue 
catalyst on a ndatixely large (piantity ot an inert or piadK.illy im-rt 
siipjiort material ma) be regardeil as the produdion <if a siippiuted 
catalyst It is very evident that the three classes will ineige together, 
and no decisive line of demarcation between llu'iii laii lie dr.iwn it 
may be found also that the basis of the eiihane<'d adixitv produced m 
all thiee types of product may, m ceitain cases be the same In other 
cases a marked dilfcreiitiation of mechanism will l»e e.stablislied 

Examples of promoter action. J[»atiew appeals to have been 
among the first to record in detail promoter action in .i helerogetn'ous 
system He found that in the presence of cojiper oxide, and in a 
co'ppci lube, amylene was only one-lhird convi'rted into iso|ieiitane 

' AiHli 1’ 18lir> * Fl’ JJ'ilS'l, IKM 

® (IliKlsIoDf and 'I’nlit, I'roc Roi/ Sor . 187.’, 20. 1’18 J ( hon .s'i<e . IS7.’ 25 ISI , 187.1, 
26, I lf>, Wl. (>78. !)«l . 1874 27. 208, 400. 615 , 187.5 28. 508 . 187(i, 30, 17 , 1877 31 501 , 
1878, 33, 1.10, 106 1.870, 36. 107. 172, .W? . VVilliJOnR Inali/d. 1881 6 .16 I Isrh ZaUA. 
until (Vifwi, 1801,30, 17.5, Tlnirix' and Kisli-s, ./ I’lum ,W 1871, 28 ,Vll , iMithamlcy 
mid Tln>m{K<ion. ./ I'hm XV . 1888, 63, 161 Mnller iind Wijjehii, /.ritirli nmil i him , 1011, 
jfO. 61.5 Hnreonrt, J Vhm X'« , 1862. 15, 38,5, 1863, 18, 280, iSnanlii, < him 
1802. 16. 1062 

< ./, Chm XV. 1890. 76, 891, 1907, 79, 1111 


‘ Bfr, l-IRi, 43, 3187 



V 


promoters 


1()3 

by hydrogen at 2()0 atnioa. at a t(‘mj)erature of .W (\ in twenty-eight 
hours ; with copper oxide in an irou tube complete conversion Avas 
effected in twelve hours under the sann- coiuiitions. The same relation 
holds also for the hydrogenation of tetraliydrobenzeiu'. tetrahydro- 
tohiene, j)inene, and carvene 

Ipatiew also records * an interest j/ig case in which a iiydrogenution 
and dehydration catalyst appear each to activat<' thc‘ oth(‘r when used 
together to carry out a reaction which ordinarily would involve sev(‘ral 
successive steps He found that campln^r was hydrogenated in jiresimce 
of nick'd oxide at T20' -.‘iotr (' , yielding hornecd. Tins in turn could 
be dehydra(«‘(l by alumina at .T»() -dtIO (' , yichlmg camphem'. wliicli 
could then ho (*asily hydrogenated at 21(1 (’ to giV(‘ campluuie. By 
using a mixture of nickel oxide and alumina iii presence of liydrogmi 
the complete reai'tion eoiihi be idbrted at a tem]a*ratiin* of 2()(r' C. or 
less. Similarly, fenchone may be hydrogenated at 210' (’. to give 
ferndn'iiol, which, however, can only be deliydrati'd with dilliciilty. 
In j)reseric(‘ of a mixed m<-kel oxide-alumina catalyst, a bydrogenation- 
dehydratioii proe(*.ss n*adily oeeiir.s at 21.') (\ yiehlmg feiicliane from 
the original fenchone. 

The extraordinary increase in the light emissi\ity of thoria mean- 
descent mantles when a<imixed with (1*1) jier cent of eeria has b<’en 
ntilisi'd. as is well known, in the technical development of the Welsbaeh 
ineande^ceiil inanth’. A ree('nt research “ has <'slablislied that a 
maxinuini in the elliciency of catalytic o\idati<in of electrolytic gas 
mixtures occurs at tfie .sani<‘ coneeiitration of ceria in Ihoria. Tpon 
tlii.s basis, it seems r(*a.sonal)le to a.ssuim* that the manlh* is a catalyst 
for the oxidation of illuminating gas. the eeria playing the role of 
})ronK>ter. moii' rapid combustion and a higher temp(*rature of the 
mantle being (liereby attained. 

In the catalytic oxidation of ammonia. Maxh'd has obtained^ 
cur\es indicating the relative ellicn'iicies of iron aloiii' and admixed 
W'itli other metals as promoters. Bismuth, tungsten, and I'opper 
enhanced the vield of nitric acid with a given lime of contact. ].(('ad, 
manganese, and calcium diminisheil tin* yiehi. Tlie.si* obsiTvations 
ire the basis of patent claims by Maxted and Hid.sdale ^ for catalysts 
for ammonia oxidation. 

The Harger-Terry patent for tin* pnderential catalytic combustion 
)f carbon monoxide ami oxygen in jiresence of hydrogen claimed, in 
iddition to .simple oxide cataly.sts, the use of promoted oxide eatalysts, 
Ui iron catalyst containing 2'^) per cent chromium oxide and 0-5 })er 
ent cerium oxide was found to be sujierior to an iron oxide catalyst, 
ml operated more efficiently at considerably lower temperatures, 
lie catalytic oxidation of carbon monoxide in air at room tenijieratures 

* Btr , 1910. 43 3.387. * Swan, ,/. Chf.m. , 1924. 125, 780. 

’ J Sor. Chan. Ind., 1917. 36. 777 < Rl*. 1078i;igi.7 , 126083/1916, 

* B.P. 127609/1917. 



can be achieved by mixed oxide catalysts,^ of wliich the most notal&le 
is “ }Ioj)calite ”, a mixture of 60 per cent manganese dioxide with 
40 per cent copper oxide This case is of especial interest since it has 
attracted considerable experimental study with a view to elucidation 
[)f the mechanism whereby the mixed catalyst is more efficient than 
either singly. This work is discussed in detail in the next section. 

The mechanism of promoter action. — One case m which the 
merhanisni of promoter action seems definitely to have been ascertained' 
is available m the older literature. Blissafoff studied ^ the action of 
glass wool and heavy metal salts on the velocity of decomposition 
of hydrogen peroxide both singly and m conjunction with each other. 
Elissafoff showed that, together, the glass wool and heavy metal salt 
effected a much more rapid decomposition of the peroxide than would 
he anticipated on the basis of additive clTects. Thus, with a decomposi- 
tion velocity of 0-86 m pri'sence of 0 5 grm glass wool in 20 c c of 
peroxide, and one of 1*63 m presence of 1*54 milhmolar solution of 
copper sulphate without glass wool, a solution with tlic same copper 
sulphate concentration plus 0*5 grm glass wool in 20 o c gave a de- 
composition velocity of 10*8 ; all the velocity units are expressed in 
arbitrary units The concentration of hydrogen jieroxide was 12 
milhmolar. In this case at least the mechanism is apjiarent It is 
known tliat the decomposition of peroxide takes place at the glass 
surfaces It was probable that the copper salt was concentrated at 
the glass surface and so cxorci.sed greater ellect That this was so 
the following observations indicate clearly The unimoleciilar eon.stants 
for two eopjier ion concentrations of I and 10 millimols per litre were 
0*0013 and 0*0023 respectively, in the ratio, therefore, of I 1*77 
The amounts of copper salt adsorbed from these solutions by Jena 
glass powder of the same glass were in tlie ratio of 1 1*73 It is 
apparent that the decomposition velocities are proportional to the 
amounts of adsorbed copper salt This ease is certainly, therefore, a 
reaction velocity at the surface and not a diffusion velocity. Were 
it possible to make adsorption measurements, other modes of de- 
composition of hydrogen peroxide would jiossihly he found to be of 
the same type. 

Hydrogenatm processes —An informing contribution to the theory 
of promoter action has been made by Medsforth,® who has studied 
the eliect of promoters added to a nickel catalyst in the hydrogenation 
of carbon monoxide and carbon dioxide to yield methane, Keasonmg 
from the simultaneous production of water m the reaction, the addition 
of catalytic dehydrating agents to the nickel catalyst was made with 
material increase m the attainable reaction velocity for a given con- 
version of the reactants Cena, thoria, glucina, chromium oxide, 
alumina, and silica gave an, from seventeenfold to twelvefold, increase 

^ Lamb, llray, and Frazer, J Ind £nj) Chem , 1020, 18, 217. 

* Zetftch EltklrwMm , 1915, 81, 352, * J. Chem, See., 1023, 123, 1462. 



in’^elocity over that obtainable with the straight nickel catalyst. 
Zirconia, molybdenum oxide, and vanadium oxide were Bomewhat less 
efficient, though still good, promoters. Tin and magnesium oxides, 
copper and silver metals, pro<luoed no acceleration over tin? straight 
nickel. With the carbon dioxide reaction the increases in velocity 
effected were somewhat less than thos(‘ recorded for the monoxide 
reaction above. The order of efficiency was exactly the same. The 
order of efficiency is roughly that of oxide catalysts recorded by Sabatier 
in reference to strict dehydration j>roeesses. 

In explanation of the activity of the ])romoter.s. Medsforth assumes 
the function of the nickel to be to assist the union of the gases to 
form a ‘‘ complex ” or intermediate compound of the methyl ah'ohol 
type, pro])ably via formaldehyde. The promoter then functions fts a 
catalytic deliydrating agent on the intermediate compound giving 
water and a metliylene radical, whence, immediately, methane results. 
The promot^T a.ssi.sts tin*, known dehydrating action of the nickel. 
This can ))e 8ch(*niatiscd thus: 

CO + 2H2 H/; . oir — > ^cHjj + HjO. 

/ 

The combined dehydrogenation and dchydratifui effected by Ipatiew' 
with a nickel alumina cataly.st, whereby the conversion of cAmjdior 
to i.socamphene is effected at 2(K)‘^ C. in one step, is eited as supporting 
evidence. 

Medsforth eull.s attfuition to an important feature of promoter 
action which he has noted, that of selectnr ffromoitou. It would 
apj)oar that wlien two reactions, both capable of being accelerated, 
take place at the same time in tlie juesence of tlie same catalyst and 
the same promoter, that which is normally slower is accelerated to a 
greater comparative degree than that which is normally the faster. 
Support for this statement was obtained in the ob-siTvation that when 
carbon monoxide and steam react in the presence ol nickel and nickel 
promoters, whilst carbon dioxide and hydrogen are the main products, 
methane is also formed, the quantity of which is gr(‘atcr when, for 
example, alumina is pre.sent than wdieii nickel alone i.s used. Similarly, 
in tlie production of methane from carbon monoxide, and hydrogen, 
more carbon dioxide is formed as a by-product tlue to the simultaneously 
occurring water-gas reaction, when promoters are addl'd to the nickel 
catalyst, than if this latter is used alone. 

In discussing the applications of this dehydration hypothesis 
Medsforth reviews several cases of promoter action. For catalysis of 
the water-gas reaction wdth iron oxide as catalyst, it is significant 
that the promoters among the most effective are hydrating agents 
and oxygen carriers. The action of ceria-thoria in the incandescent 
mantle may also be in part due to combined oxygen carrier-dehydration 
effectiveness. 

1 J. Rum. Phifa. Chem. Soc., 1912 , 44 . 1695 . 
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Asa temporary classification of promoters for purposes of discussion 
Mi'dsforth gives the following 

( 1 ) The promot(‘r (lecoin|(o.ses mterinediatc cornpound.s formed by 
the catalyst 

( 2 } The promoter causes the reacting substances to combine, the 
resulting intermediate compound being decomjtosi'd by the catalyst 

(.‘1} The jiromoter adsorbs or combines with one of the reacting 
substances producing a greater concentiafion of the latter at the 
catalyst surface 

Till' origin of the carbon dioxide m the methanation process has 
been elucidated by Armstrong and llilditch,* who have shown that 
when purified water gas is passed over nickel at 2 (K) "-,‘500° (1 the 
lircdominatmg reaction is 2('0 i 2H_, -t'O^ I CH 4 The reaction is 
regarded as the sum of two reaitions 

CO I 11,,0-COif ll.„ 

CO, i214i2H.,-^Cll, h2ILO, 

the former of whidi is regarded as occurring in the same manner as the 
reaction in presence of copper previously studied by them,- namely, via 
formic acid, CO -I tl,0 -^IlCOOII t-CO, With cobalt the re- 
action comiTK'iices at a lower temperature, IHO’’ (' , but I he above reaction 
IS subsidiary to the mam methanation process, CO t hli, -Cfl, I 11,0 
Sliver IS inert, iron almost .so, pLitiniim and palladium of minor activity 
Mixisl catalysts were h'ss efiicienf than the single catalvst W ith nickel 
at increasing pn'ssiires up to t) almosphi'n's th<' minimum temperature 
of interaction rises The reaction \iclding carbon ilioxide and melhaiie 
produces more methane from watiw gas than any of the other reactions 
It may, tlnuefoic, have value as a nii'ans of increasing nu'tliane ( ontent 
or lowering carbon moiioxide conf(‘nt of town’s gas Tlu' authors 
state that CO, til, go(‘s directly to methane and giviss no carbon 
monoxide, .so that partial reduction is apparently not taking ])!ace 
I'liis IS at variaiK'e with some observations made in the lalmratories 
of the Munitions Inventions Department in England, dining the war, 
where methane jirejmred from carbon dioMde and hvdrogen contained 
a small percentage of carbon inonovide 

In contra, st to the conclusions of Medstortli cited aliove Armstrong 
and Ilihiitcli ^ conclude, with regard to the “ ])romotion " of a straight 
hydrogenation process, the simple addition of hydrogim at an im- 
saturated linkage, in presence of nickel, alumina, silica, oxide.s of iron 
and magnesium being employed a.s promoters, that the stimulation 
observed can be .satisfactorily cx[)lained on the ba.si.s of increa.sed 
available catalytic surface of the nickel There is some evidence of 
the removal or adsorption of catalyst iioisons {sulphates in the pre- 
cipitated oxides, or truces of impurities in the oil hydrogenated) ; 

' Proc Rov 103v, 25 » Prot Roy Roc , 1920, 97*. 2(55 

^ Ptoc Roy Roc , 1923, 103*, 680 
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^.but thes<‘ apjx'ar as minor influences compared to the eiTect on the 
extent of surface of nickel produced. They have been able to make 
an appr(‘cial)ly less amount of reduced nickel eifect the same amount 
of action whatever the extent of the catalyst in alumina or other 
“ promoting " oxide. 

Armstrong and ffilditeh ^ showed that tlie jiresence (d sodium 
carbonate idTeetively promotes the b} drog<‘nation of phenol at nicki'l 
surfaces. Aliout 2’) jau- eimt by weight of nickel appears to give 
t)ie maximum effect In tin* prescnei' of carbonate tlie reaction rate 
is nior(‘ nearly linear than in the absence of the carbonate. This 
factor .suggests that flic function of the j)romot('r is a protective one 
to the catalyst, keeping it fre<‘ of inhibiting impurities. 

Oiuhition jiKHrssfs For the role of ceria in promoting the 
reaction b(>t\\tx>n gases in eeria-thoria (‘atalysed combustions, Swan 
concludes “ that there are at least two po.stiible e.xplanations : 

(1) 'Flit' eeria behav<‘s as an o.xygen carrier during the combustion 
of the gases, 

(2) The eena. liv increasing tin* electron emisHion of the thoria, 
causes a greater ionisation ol the gasi's and more ejlien*nf combination. 

Tins latt(*r explanation could In* experiinenlally tested. 

Adsorption and the mechanism of promoter action. In a r<‘sear(li 
on the atomic weights of cobalt and nn-kel. Baxter in\ ('sligaB'd the 
oeeliisioii (d hydrogen by tin* reduced metals and reached eonelusjons 
\\liicli are of furnlamental imjiortanee in the .study of ('atalytir action 
in general and [iroinoter action in particular Baxter fmind that 
the linely dnided metals obtained b\ r<‘duelion of the o\id<-s in 
hydrogen gas <icclude<i relatividy larg<* amounts of tin* gas. lie found 
tliat the xoliinn* of occluded hydrogen varies, in the easi* of tin* nn*tal 
ledueed from the oxide, with its puritv and the temperature, of 
reduction 'Die latter fact is of signilicain <• in tin* gein'ral juolih'in of 
adsorfition and catalysi.s. and, as sueli. has alreaily b(‘en diseus.s<*fl in 
a preceding chapter. Tin* former fact, tin* inlluence of iinpiiritii'S, 
has a mark(*d }>earing on tin* probhun of tin* nn-eliani^n of promoter 
action. Baxtf-r found that ordinary “ (*hemically jiiire “ rixide yielded 
a metal on reduction which o(*cbnl«*d very considerably more bydrogi'ii 
than oxide which may be designated of “ atomic weight purity”. 
Having traccil tin* co-ordination between extent of surface and 
occluding power Baxter eoneludes that wln*n impurities, for example, 
silica, an* ])n*sent in the oxide, the n*sultiug metal is less comjiact 
than tluit obtained by iilentical treatment from the atomic weight 
purity oxid<*. lu other words, a juire nn*tal sinters mon* readily 
than a metal obtained by reduction of an oxide containing certain 
im})untie.s. The fact that it is extent of surface which r ounts, cobalt 
ingots being known to occlude practically no liydrogcn, makes it 

• /v.y. Soc., 11122, 102.4, 21 ® ./ ^ hiw Sf>c , 1924, 126, 784. 

’ Amer. Chan. 1899, 22, ^>1. 
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certain that the phenomenon designated by Baxter as occlusion is^, 
for the most part, what is now known as surface adsorption of the^ 
gas. A further feet of significance was Baxter’s observation that 
the metal obtained by reduction of cobalt bromide occluded praetically 
no hydrogen, and the presence of sodium bromide had no influence 
on tlie amount occluded. In other word,s, not all im])unties present 
in the substance undergoing reduction are cllcctivc in promoting 
extmision of metal surface 

Applied to the problem of the mi'chanism of promoter action, the 
experimental observations of Baxter obtained for quite different 
purposes may be summarised thus (1) The presence of impurities 
in the materials from which catalytic metals are piejiared may increase 
considerably the e.xtent of adsorbing surface and, therefore, in agree- 
ment with earlier observations m a preceding diapter, may increase 
catalytic activity of the naluced metal, (2) certain impurities, for 
example, siliea, are much more efficient than others, for example, 
sodium bromide, m producing extended surface. In these two 
observations we have two factors fundamental to the jiroblem of 
promoter action, actual increase, by an added promoter, of the catalyst 
surface and specificity of promoting agent, the .sjiecificify being 
associated with the influeiiee of the added agent on exfimt and nature 
of surface Hiieli studu's must be multiplied by the student of catalvsis 
with deliberate rather than aecidental inclusions in t li(> materials studied 
Two such oases have alivady been stmlied, one by Hurst and 
Ridoal,^ on adsorption of carbon monoxide and hydrogen, the other 
by Taylor and Bussell ’■* In the latter work, measurements of adsorption 
by nickel obtained by reduction of the oxide, and of niekel-tliona from 
the oxide containing thoria as a promoter, have been made Ad- 
sorptions of liydrogeii and carbon dioxide were measured, since the 
researches of Medsforth already cited showed that the reactivity of 
those gases was much enhanced by the use of a iiicki'l catalyst promoted 
by thoria The experimental work shows that no proportionate in- 
crease in adsorption accompanies the ai tivity shown by the promoted 
catalyst The surface has therefore undergone a (jualitative rather than 
a quantitative change Whereas tlie promoted cataly.st effects a ten- 
fold increase in velocity over the non-promoted catalyst, the extension 
of surface, as measiireil by adsorption of either the carbon dio.xide or 
the hydrogen at reaction temperature, only undergoes a 20 per rent 
increase This is in harmony with the view of a composite catalyst 
surface with localised active centres Even if it be a,ssumed that the 
whole of the nickel surface capable of adsorbing hydrogen were 
catalytically active in the case of the promoted catalyst, it w^ould 
follow that not more than 10-12 per cent of the surface of the unpro- 
noteil catalyst surface adsorbing hydrogen would have any catalytic 

' J CVim.5flc,l»24,lZ6, 094-706 
* DmtrMwn, Prmoeton, 1924, J Phys Chm , 1926, 39 , 1325 
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^activity. Hurst and Rideai’s results are discussed in the succeeding* 
section. 

One function of promoter action was suggested in the previous 
edition of this book (p. 31), in reference to the use of mixed catalysts 
for ammonia synthesis. It led to the conclusion that the original 
iron tended to adsorb or form a loose compound with a greater pro- 
portion of hydrogen to !iitrogen than required by the stoichiometric 
ratio. Tile admixed catalysts, being in the main nitride -forming 
metals, for example molybdenum, would [iromote a more favourable 
hydrogen-nitrogen ratio. Ikneroft extended this idea,^ suggesting 
that t)ie catalytic agent activates one constituent of the reaction 
chietly and tliat the promoter activates the other. Some measure 
of activation will be necessary before such a conclusion can be ex- 
Iierimentally tested. Experimental work on amnumia synthesis 
catalysts has not confirmed this point of view, thus simply outlined, 
but th(‘re is still no proved theory of mechanism in tlie ammonia 
syntliesi.s reaction. 

Interface phenomena and the mechanism of promoter action. - 

Then' an* many }>lacos in the chemical literature which exemplify the 
statement dial th(' molecules at the boundary betv.eiui two jiluises 
are in a peculiarly labile or active state. Faraday oliserveil tliat a 
perfect crystal of sodium carbonate or sodium 8ul}>liate refuses to 
elllorcsce until the surface is scratched or brok<*ii. Jle also observed 
that the ctllorescence spreads from tlie injured jilace. ('rystals of 
hydrated cadmium sulfihate show this behaviour remarkably well. 
They are readily obtained in large and perfect form, which maintain a 
constant weight in a desiccated space until a boundary between a 
hydrated ami a dehydrated phase is eslablishi'il. Langmuir ^ has 
shown that, in the dissociation of calcium carbonutii by beat, the carbon 
dioxide i.s produced only at the boun«lary lietwemi the ('arbonati' and 
o.xide phases The dissociation of .silver oxide intri its elementary 
constituents, studied by (1. N. Lewis, ^ is a jiarallel case, Lewis observing 
that the rate of dissociation increased with increasing production of 
silver. Silver was termed the autocatalysi of th(' reaction. Re- 
actions of this type occurring at an interface are necessarily characterised 
by an auto-accelerated reaction rate, since, initially, there is little, or no 
interface at which reaction can occur, and, witli increasing reaction, 
an ever increasing region of interface is produced. The difTerent 
nature of the dissociation process when such interfaces are not set up 
is well illustrated in the case of mercuric oxide dksociation studied by 
Hulett and G. B. Taylor.* In this case, at temperatures where dissocia- 
tion becomes marked, the mercury formed is also vaporised. No 
Interface results and, so, no acceleration of the dissociation is obtained. 


’ >’ir« Rfjxrrt, ComtniUtf on Conlnet Catalysts, p. 16, 1922. 

* J. Amtr. Chtm, Soc., 1916, 88 , 2263. * ZtUsck, phyM. Chem., 1905, 82 , 310. 

* *J. Physical Chem., 1913 , 17 , 567 . 
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As a result, j)assago of nitrogen gas for twenty-four hours over pure 
mercuric oxule at 5(Xr C gave concentrations of oxygen corres|)on(ling 
to only a few millimetres pressure, whereas the true equilibrium pressure 
at that temperature was upwards of one atmosphere When interfaces 
were jiroduced by the addition of foreign substances, iron oxide, 
manganese dioxide, and platinum, true equilibrium [iressures were at 
once established, measuralile both statically and dynamically The 
researches of Kendall and Fuchs ^ on the accelerated decomposition of 
silver oxide, mercuric oxi<l(‘, and barium peroxide m presence of other 
oxides is also illustrative of the eileet produced by the deliberate 
creation of interfaces 

In a detenninalion of the dissociation pressure of sodium bi- 
carbonate, Lesemur observed- that the development of pressure 
occurs “ slowly at first, then more quickly towards the end It has 
seemed to me, moreover, that the final e(|uilibruirn was obtained mori‘ 
rapidly thi^ mori' the ])roportioii of dissociated salt inereaseil ” These 
observations are again eharacteristK of interface phenomena and are 
recognised m the teelinujiie of dissociation pressuie measurements 
A mixtuie of dissociating siihstanee and product is normally introduced 
into the apparatus m which such measurements are made 

More ri'eimtly, fiirtluT evidence of interface phenomena m eheinieal 
decompositions is revealed by additional reaction \eloeity curves 
autoeatalytie in nature Su'veits and Tiieberatli ’ studieil the dissoiia- 
tion of silver permanganate and obt, lined such a reaction process 
Small amounts of impurities mereasisl tie' vehieita' of (leeomposition 
Hmslielwood thereupon promptly called Sieverts's attention to his own 
work* upon both inoiganie and organic ('(impounds, some eases of 
which are interface phenomena 

Otto and Kiy^ thought that their rchiilts showi'd the deeompoMtion 
of potassium chlorate to he a ummoleenlar pntcess Any one can see 
that they are m reality a beautiful example of an auto-aecelerated 
proei'ss Iron oxide promotes the decomposition Ki'cently’^ tln^y 
iiave shown that potassium (blonde does the same thing The pre- 
sumption IS therefore strong that the process is an interface phenomenon 
Neville has added ^ to this reaction an interesting ease of promoter 
action Impure pyrolusite was more elTective than pure manganese 
dioxide The pyrolusite contained 8 per cent iron oxuh' A mixture 
of 8 per edit iron oxido and !t2 per cent pure manganese dioxide had 
the same efticiency as the impure pyrolusite The action of the mixture 
was more than additive of the eifeots of the tao oxides separately, 
hence the promoter action, elueidatioii of the nu'eliatiism of which 
was not achieved It will probably be <|inte complex. 

' ./ Amfr Vhm Xw . 11121, 43. 2lU7 - Ann Chm I'hiis . ISDJ. 26 , 430 

’ ZfifsfA, iilmnkiil Chrm, 11122. 100 , 46.3 

* rh\\ May ; 11)20. 40, .669 . Prof Roy Noc , 11)21, 99 (. 203 . J Phrm Sor . 1921. 118, 721, 
‘ J. .Imef Chem Sue, 1923.46, 1134 " J Amtr Chrm Sue. 1921 46, 20'1 
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Proof that the enhanced reactivity at an interface was not confined 

decomposition })rocessoa, hut occurred in reactions between solids 
knd gases, was forthcoming in a study by Pease and Taylor ^ of the 
reduction of copjjer oxide at moderately low tomperatun's by hydrogen. 
It was shown that h)w temperature reduction of co})per oxide granules 
by hydrogen was m'gligilde until copper nuclei had been established 
in the (ixide mass. Subse<|uent reaction is thmi loealiseil at the 
boundaries between the copper and copper oxide, as can be demonstrated 
visually by tin* ever incn-asing area of the red copper exti'iiding outwards 
‘from tile original mielei. The form of the curve of rea(‘lioii rate is 
typieal of an autocatalytic jimeess. It evidently finds its exj*liHiHti()ii 
in tile highiT onler of reactiMty of an «e\ide ion adjacent to a neutral 
atom of copjsT ov(‘r that of an oxnle urn surrounded on all siih's by a 
copper oxide lattice. Jones and Taylor - showed further tliat the low 
temperature nMluction «>f c()j)[M‘r oxide by earboii monoxide is also 
an interface phenomenon Heiiton and Pmmelt have ree<'ntly shown ^ 
that nwkelous oxide reduelion hy hy<ln»gen i,s of the interface tvjie, 
while reduction (d ferric oxiihx which is kmovn to form solid .solutions 
with till* jf)Wt'r oxides, sliows a reduction curve ^svljndi has none iif tin* 
criteria of the interface type. 

Langmuir^ has jiointed out that the livdration (d a comjdetely 
deh\ <lrat('(i '^ulistance should show the .same auto-aeeeleration. There 
si'cms to be <jualitati\e evidence of tins in the dehydration of I'lhyl 
aholinl with “ ov<‘r-burnt ” lime In an experiment at room tempera- 
ture it was found tliat. lor two days, the lumps of lime remained intact 
in the a!c<diol Un tlu' tlnnl day a small amount (d powder appeared 
aloiiLlside the lump^ of lime, while treatment lor an additional twauity- 
foiir hour^ resulted in the complete disintegration of the lime lumps 
Taylor noted ’ tin* reduction of copptT oxide by lioth hydrogiui and 
carlioM monoxide was very proiiouiKaailv retarded by the preseiie<‘ 
of oxygen in the reducing gas. This im nmst nsidiiy intiTprcted on the 
assumption that adsorhe<l oxygen protects the iiiterface from attack 
by the reducing gas. The adsorjition <d oxygen by copper and liy 
copper oxide IS know’ii to be small, .so that it .seems nece.s.sary to assume 
increas«*<l adsorptive capacity at an interface to account for the protec- 
tive action oh.served. 

In a study of the acceleration produceil hy the presence of oxygen 
in the union of hydrogen and .sulphur. Norri.sh and 11 ideal ® were led 
to formulate a mechani.sm for the accelerating action ohserved. The 
surface of the liquid sulphur was a.s.sumed to consist mainly of 8,^ 
molecules, of wdiich a few' were opened and thus ])olarise(l. Adsorp- 
tion of the gases was assumed to occur at the ends of the ruptured 

' ./ Am*r. ('hull S<x , 19JI. 43, 21711, h<H‘ also I,arn<>n and Knnll), ./. Anur Chem, Soc., 
192, '>. 47. :Hfi 

^ A Vliy^iral Chetn.. 1923, 27, 623. 

* J. Am^r. Chtm. Soc., 1916, 38, 2263. 

* J. L'hvn. Soc., 1923, 183, 16S9, 
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molecule. A strong attraction of the oxygen for the sulphur at one 
end of the chain, causing a weakening of the sulphur atom at the other 
end, would result in a more ready combination of such a sulphur atom’ 
with hydrogen 

Hurst and RideaP applied the concept of interface activity to 
the problem of promoter action in processes of selective combustion. 
If a copper catalyst be jiromoted with small quantities of palladium 
and the ratio carbon monoxide to hydrogen determined for a senes of 
such promoted catalysts, one of the following results may be anticipated. 
If the palladium causes no specific effect beyond a surface extension, 
the ratio CO/H^ consumed will remain unaltered . alternatively, if 
promoting action is m reality an additive (dfect, thmi the CO/H.^ ratio 
will decrease with increasing palladium conemitration, and the ratio 
should be capable of accurate calculation from both the known ratios 
of CO/Hj for the copper and the jialladium each in the pure state and 
from the stoichiometric conqKisitioii of the catalyst If, on the other 
hand, the addition of small (|uantities of palladium promotes the 
activity of the oxidised copper for carbon monoxide, we should antici- 
pate a higher dO/IIj r^tio for small additions of palladium, rising to a 
maximum with subsequent iiicrea.s(* m tin' jialladium concentration, 
and finallv falling to a CO/Hj ratio higher than that for pure palladium 
at those coneerit rations where addition of ( o|»per [iromotes the [lalladuiin 

Hurst and Rideal found that small (piantities of palladium, u[i to 
1 70 per cent, iiicrcase the ratio of (’OdI., bmnt at aiiv jiaitieular 
temperature m presence of a copper catalvst \ maximum (Kcurs 
on the addition of ()’20 p(T cent promoted latalyst conlaming 
1'70 per cent of palladium yields the same ’ratio as jiure copper 
Catalysts containing more than 1-70 per emit palladium jield a lower 
OO/H^ rfttio than copper, but higher than palladnnn Thus increase 
in the ratio of CO/Hj burnt on addition of small amounts of palladium 
IS contrary to that winch would bo expected, as outliiusl in the jire- 
ceding paragraph, either on tin* basis of extmision of surface or the 
dilution of the catalyst surface with palladium The ri'sult obtained 
18 to be anticijiated, however, if the reaeti\ity of the oxidised eoppe 
at junefions such as (hi Pd is alTected 

To elucidate further the meehanism of the promoter action, Hurs 
and Ruleal ^ studied the adsorption of hydrogen and carbon monoxid' 
singly and m various mixtures on copper, palladium, and promote! 
catalysts Tlu'y conclude that the addition of palladium to eoppe 
[iroduees an increase m the carbon monoxide adsorption and a deereasi 
III the hydrogen adsorption, as well as a relative increase in the carboi 
iiumoxule of the adsorbed phase in the presence of both gases Tin 
relative increase m the, adsorption of carbon monoxide was fouml 
^0 be in good agreement with the relative increase in the ratio CO/Hj 
’onsiimcd m the catalytic combustion process The specificity oi 
» J t’Affo jSoo., 1924, 186, 685. * J C’Am -Soc , 1924, 126, 694 
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Hie effect on adsorption produced by the palladium promoter is further 
fividenee that the promoter action is not merely due to surface extension 
but involves the further factor of the nature of the interface between 
atalyst and jiromoter. 

Promoter action and concentration. - It may he anticipated that 
nuch useful information with regard to the mechanism of promoter 
|lction and to the nature of catalyst surfaces will result from a knowledge 
of the rt'lationshi]) between extiuit of pnunoter action and the con- 
Jcentration of promoter used As yet, the ipiantitative (‘vidence 
accumulated on this jioint is very meagre. Most of the statements 
[concerning promotiT action by adih'd substances have no information 
rwhich would indicate what the optimum concentration of [iromoter is 
■for tin' given reaction. 

The most comprehensive data on this point are contained in the 
contribution of Medsforth * aln'ady discussed Medsforth studied 
the r'llicnun v (d promoter action in the synthesis of methane from 
carbon monoxnh' and hydri»gen with nickel and nickel - ]>romotcd 
catalysts spn'ud on ])umi(‘e sujiport. by asi’crtaming the maximum 
speed of gas passage ovt'r a giv(>n (piantity of catalyst at wdiich a 
given degrei' of conversion could be achieved With nickel catalvsts 
alone on pumice the desired conversion was achieved at a spei'd of 
32-'ir) cc j»er minute. In tin' folhiwmg table are rcconh'd the sjieeds 
with which the same conversion is attained with varimis jiroinoted 
, nickel (at.ilvsts at \arious concentrations of promoter in the nickel 
' catalyst 

Medsforth conclinh's that the tabulated results show no n'lationship 
between 1 lu’ molecular weight of a promot<‘r ami its optimum con- 
cent rat i<»n Sonu' slight temh'iicy. however, <-an bi- ol)s(‘rvcd. With 
beryllium oxide the optimum concentration is around 2() j)er cent. 
With alumina this occurs at lb p.-r cent .M<‘dsforth calls particular 
atti'iition to the ilatness of the curve of sj»eed against jiromoter con- 
centration once the optiiniim concentration has been }>asse<l. 'riius. 
in till' cas(' of ceria, tin* range from d to lb per cent jtroinoti'r shows 
no variation in permissible speed of gas passage great I'r tlian (he 
ex})erimental error, although the promot<‘r < oncentration varies five- 
fold In discussing this feature, Medsforth distinguishes tw'o cases, 
the one in which catalyst and promoter an* deposit c'd on a support, 
uniform distribution being assumed, the other in which the catalyst 
is deposited on the ])romot«*r. 

As an e.xamjde of the former, Medsforth discusses a nickel-thona 
catalyst, with an optimum jiromoter conci'utration amounting to 
10-12 per cent Ni by weight. From the relative weights of nickel 
and thoria. it is calculable that at the ojitimum conri'ntration tlie 
surface of the promot«*r is approximately one-fortietb of the eatalvst. 
An additional 1 jicr cent of thoria only incTeases the jiromoter surface 
1 J. Chtm. Soc., 1023, 123. 
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an additional one-four-hundredth With thoria present equal b 
weight to the weight of nickel the jironaoter surface is only one-fourth 
to onc-fi/th of the total Hence, it may bo concluded that around the 



optirniiin concentration marked changes m velncitv with diange m 
concentration of piomotcr would not he c.vfiected Medsforth'a data 
conform to tins coiiclnsion 

In the case of a catalyst deposited on a promoter the conditions 
are difleicnt If it lie assumed that f) grms of thoria can take up 
on its surface 0 I grni of nickt'l, the catalyst conci'ntnition is 2 per 
cent A decrease in this concentration from 2 to 1 8 per cent means 
a change in surface of 10 per cent, so that when the catalyst is deposited 
at the surface of the promoter small changes in concentration of jiro- 
moter produce im|)orlant alterations in reaction velocity Hurst and 
Rideal’s^ case of copficr promoted by jialladium is in this latter 
category They found an optimum promoter effect at 0 2 per cent 
palladium At a concentration of 1-7 per <‘ent palladium, the catalytic 
n( tivity had fallen to that of the unpromoted copper catalyst 

The surface ronditions in promoted eatalystjs arc obviously complex. 
A very considerable increase in the number of cases studied is mud 
to be desired Not only should the reaetivity of the promoted catalysi 
be studied, but determinations of adsorptions on the same saraplet 
us are used for the activity tests should also be made. The adsorptiont 
• J CHtm Soc . 1921 , 128 , 685 
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pijould reveal more readily the changes in the surface conditions. 
iiSiinpIiiication of the problem would be secured by eliminating all 
I support materials in such experiments, since they introduce a new 
^;variaf)Ie into an already complex problem. Hurst and Rideal made 
r one set of adsorption measurements on their promoted cop]>er catalyst, 
which showed the variation in adsorption jireviously recorded. It is 
to b(‘ regretted that similar measurements on the whole series of 
promoted catalysts were not mad(‘. If the adsorption measurements 
wer(‘ rciu['h'd with measurements of heat of adsorption, some data 
on the [iroblem of actuation liy promoters might also be secured. 

The really interesting problem which the study of jiromotor action 
in its relation to concentration suggests is the reason why such minute 
amounts of jiromoter idTect such marked changes in activity. Thus, 
in tli'‘ case studied by Medsfortli a concentration of 0*5 per cent oeria 
in till* nickel catalyst causes a tenfold increa.se in reaction rate, 
Assiitniiig uniform distribution of promoter in the catalyst, this 
represents one molecule of ceria in every Jl.T) atoms of copjier in the 
catalyst surtaco This minuti' change in surface concentration brings 
about H tenfold increase in catalytic activity. This strongly suggests 
that, of the atoms in the surface of a catalyst, vi’ry few indeed possess 
nmrk<Ml catalytic activity Armstrong and Hilditch.^ di.sciissing the 
small amount of toxic material necessary for total suppression of 
(■atalytic activity, conclude that it is probable that an active catalyst 
is merely an av('rage term expressing u surface on which a number 
of j)atches of maximum activity occur, the greater part of ihe surface 
being of perhaps a (juite low ord(‘r of activity. This opinion, based 
ujion a study of poisons, is at one with the view put forward hero with 
re.sj>e(’t to the nieehanisiii of promoter etleel in minute concerftrations. 

In Chapter VI.. in the discu.ssion of poi.sons, the (juantitaf iV(‘ evidence 
for this point of view will be detailed. - 

The mechanism of co-activation. —Conclusions [larallel to those 
just recorded as to the mechanism of j)roniotioii in hydrogenation 
processes liave been reached by several workers in respect to tlio 
mechanism of co-activation found in the u.se of inixeil oxide cataly.si8 
in oxidation proces.ses. Extent of ad.sorption, the nature of the 
ad.sorbed gases, enhanced activity at interfaces, the removal of im- 
purities by the added agent, and the inHuence of the admixed substance 
on the rates of .several component reactions of the. jirocess are. all cited 
in the succeeding paragraphs. 

Bray and Almquist® attribute the activity of a mixture of two 
oxide.s to an increase in the rate of de.soqition of reaction products, 

* Tra)ut. Farait. .Sor., H122, 17, 670 

' ^ For A dotailod discungiou of the concept of a com|X)sile catalytic Kurfaoo wjtli iKoiatt^ 
centres of high activity see Rideal, (JonJieil Sdray, April 1926; Taylor, Fourth Heport, Com- 
miftef. OM ('oniad Catalym, J. Phys. Chem,, 1926. Aluo Proe< Roy. Soc-, 1926, IOSa, 105. 

* J. Anrnr. Chen. Soc., 1923, 46. 2305. 
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or ati incrmc in tlu* rato of icaction within tlio film, duo to wliat may 
ho fonsidorod a partial diomioa! roaotioii liotwooii tho two oxides, a 
moitniliaatiuii of tho valoiuo foitos of oaih otiioi 

WhitHoll and Frazor ^ (oncludo that maii^'aneso dioxide is tho initial 
cause of oxidation at low toinporaturos in llopialito nu.xturos The 
oxidation prooosa may bo oatahtio or oi cur at tlie expense of the oxide 
oxygen The jnirer the catalyst, that is, I ho freer from adsorhod potash, 
tho more ra[iidly was it able to lake up oxvfton last onou|rh to make 
tho priKOHs eatalytu This ponds to a moohamsm of .dtornalo oxida- 
tion and rodiiotion Too stronj' leiiitiori of the proparatnuis, oven 
though alkali-fioo, ga\(‘ a dotiso prodinl rosomhliiig natural manganese 
dioxide and entirely nun five Wlntsoll and Fra/or also imliiio to the 
view that the eiiprie oxide in .i mixture may (iit down adsorhod alkali 
or affeots the w'uy it is hold, so that its )i(iisonous olloft is ainiiiilod 
They note that pure maiigaru'se dioxide and mixtiin's of fins with 
eojipor oxide losi' oxygon to the air at room tompoiatiiros, ,iiid that 
tho activity Ixsaiiso of this is greatly iiKroasod h\ the liiioiioss of 
division of the parfielos 

llonloii “ atfaokod the prohlom ol ( o-at (nation h\ studying ad- 
sorptions of carhon nionoxnh' (,ind Indiogon) hv \anous oxides and 
mixtures ffe eonolmh's that tlu-re aie two l\pe.s ol adsorption, a 
primary, spenfie adsorjition, rhemnal in nature, atid a sec ondarv, 
pliy, steal, or pore adsorption Ft oompanson of (lie ailsoiptions ot 
oxygon, oiirhon monoxide, and (arlHUi dioxide ho do(lu(es the rolatno 
magnitudes of primary adsorption of the monoxide on \an<nn oxides 
and mixtures, and shows that the order of such adsorption is the older 
of their eatalytie aetnitv m oxidation piooesses ili (oiK'ludi's, 
tliereforo, that primary adsoiptioii of (arlioii muiioxnh' is the Inst 
stage m the eatalytie process, ami is followed hv desorption of (ailion 
dioxide Benton shows that there is no jmrallelism between sei ondary 
adsorptions and eatalytie iietivitv, ami that, therefon' il total ad- 
sorptions measured inelude both pnmarv and .seeoiidaiv adsorptions 
siieh total ad8or]ition mav give no clue at all with resped to catalytic 
activity lie eonelmles that, on silica and eharioal adsor[)ti(»iis are 
largely physical or secondary, with eons[>ieumis exceptions in the ease 
of charcoal with the gases oxygen and chlorine 

Pkomotbr Aciion and Co- activation in IIomoi.lneoi s 
CA rAiATtc Reactions 

The out.standing example of ])romoter action in homogeneous 
systems is the w'cll-knowoi neutral salt effect in reactions catalysed by 
the hydrogen ions of strong acids The mver.sioii of cane sugar, the 
hydrolysis of esters, the dehydration of hydroxy acids to form lactones, 
keto-enol tautomensm, and other reactions eatalytieally accelerated 


J . Amtr Chem ,SV, D1J3, 46, 284S 


* ,/ A liter f'*em Stic, 46, 887, ‘RK) 
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by the use of strong? acids, all provide this interesting case of promoted 
^atalysis. If, in addition to a strong acid, a neutral salt of that acid 
jfs added to the reaction mi.Ylure, it is found that the velocity of reaction 
is incri'ased. As the neutral salt alone has no appreciable catalytic 
effect, tlie case is one of sini])le activation or proinot<‘r .iction rather 
than of eo-uctivation. it is beyond the scoj)e of this section to detail 
all tlie work which has been acconiplished or the varied vi(‘ws which 
hav’e bet'll put forward to exjtlain this pln-nomenon. They will be 
separately Ireati'd in subst'ipient sections of the book. It is desirable, 
liowever, to point out lu'n* that tin* many altenijits whicli have been 
madt' to account for the phenomena all have this in common, that 
they attempt to account for the (diservcd accch'ration by assumptions, 
for which exjieriraental ('vidcnce is also sought, as to the eoneentration 
of citlu-r the catalyst on the reacting sp(‘cies or both. And the belief 
is common to all tin* in\ estigarors coiu-erned that, when these several 
factors shall have been suecessfully state<l. the idiserved acceleration 
wdl h(' found to he eonsonant with the ordinary laws of reaction 
kinelic.s. This attitude of mind mighi well he adopti'd by worki'rs in 
all hrancln‘s of the study, not only of jwomoter action hut also of 
calal} sis generally 

Price ^ .studied very thoroughly tin' iiiferaetion of jiotassiuni per* 
suljihate and potassium iodide, 

KaSd), j 21vl - L>K^St)j i 1^, 

and tlw' iniluence oi catal\sts on the saim*. lie found that ferrous 
siilpliate was a good catalyst, copper siil|ihat<‘ less eilicieiit. Both 
the.se catalysts accelerated reaction in jtrojiortion to tlu'ir concentra* 
tions in tli(' reaction mixture, hut the effect of the two salts t(tg(*ther 
was more fliaii additive. The aeceh'ratioiis observed always exei'eded 
tlios(' calculated on the a.ssumj)tion that the individual activities 
Were atlilitive. Mangane.si' and zine sulphates, which are themselves 
only slightly active, gave additive ri'sults when mixed witli copjier 
sui})!ia(e. With ferrous sulphate, on tlu' <*oiitrary, the observed 
acceleration was less than the calculated re.sult. Priec was unable to 
give a reason for the cataly.sis (d).scrved or for the eo-activation. 

Die oxidation of liydriodie acid by hydrogi-n p<‘roxide in [in'smice 
of iron and cojiper salts was studied (piaiititatively by Brodo.^ He 
showed that ferrous sulphate wnis a very good catalyst, copper siiljiliate 
a poor accelerant. When together, hiJWever, one mol of co])[»er sulphate 
iu ltK),t)(H) litres was readily manih'st. This joint action of the two 
salts had previously been emjdoyed hv Trauhe ^ in testing for hydrogen 
I>eroxide iu the ])rcsenee of acids by means of starch-potassium iodide. 
The iron-copper salt mixture is active in CQnoontrated acid solutions, 
whereas in such solutions iron salts alone are inactive. Neither iron 

’ ZtiL^fh phynhil Chtm . 1893, 27. 474. * ZfiUtch. {thystkal Chem., 1901, 37. 257. 

3 Bttr., 1884 , 17 , 1062 . 
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nor copper sulphates increased the catalytic activity of molybdic or 
tungstic acid when used as an additional catalyst m the reaction. , 
Molybdic and (iingstie acids also behaved additively when used together 

Bohnson and Robertson^ have made a very thorough .study of 
the mechanism of this activation of iron salts by copper salts in the 
di'corn position of acid solutions of hydrogen peroxide They find 
that for a given concentration of iron salt, either sulphate or chloride, 
there is a maximum rate of reaction with about one raillimol of added 
copper .salt per litre This maximum eftective concentration of copper 
ajipears to be indcjiendent of the concentration of iron salt. The 
extmit of promotion (measured by the promotion factor which is the 
ratio of till' maximum rate to the normal rate for iron alone) i.s in- 
dependent of the acid concentration and temperatufe The extent 
of promotion is much greater for feme sulphate than for ferric chloride, 
although the maximum rati* olitaineci in each case is the same The 
promotion factors for the two .systems ajiproach each otlier as tlie 
concentration of iron a[iproaches zero 

As to the mechanism of the promoter action Bohnson and Robertson 
conclude that the facts are best explained thus (n) the non salt is the 
primary catalyst by virtue of its ability to form an interirn'diate 
compound, probably lI^FeO^ , (b) the copfuT salt is a secondary 
catalyst accelerating both the formation ami sub.seipienf decomposition 
of the intermediate product Tin' idleet of the si'eondarv catalyst is 
dependent upon its concentration only for very small ((uantitu'.s, a 
maximum effective concentralion being noted The mechanism of the 
secondary catalysis has not been exjilained That the .suggested 
secondary action is real is deduced from the following experiment 
Two equal portions of a solution of barium ferrate in acidic acid were 
allowed to react with eipial quantities of hydrogen jieroxulc To oik 
of the samples a very little copper acetate was added Tin* o.xygei 
was evolved much more rapidly in thus than m the one to wliith nc 
copper salt was added. It may be observed that the effect is peculiai 
to copper compounds, since nickel, eadnmim, mercury, barium, lead 
cobalt, zinc, tin, and magnesium salts apjiear to retard the reactioi. 
in presence of iron salts In snlfibate systems, silver ap[icars to have 
a slight accelerating effect This singular behaciour of copper is 
probably significant in the solution of the problem of the secondary 
catalysis. 

Brecbg and Brown ^ have found that in the catalytic oxidation of 
aniline by sulplniric acid, according to the equation 

(CeHjNHj)aSOi + -i- 2880^ + \2€0, + 

copper sulphate and m^curous sulphates are together more active 
than their sepatate catalytic activities would suggest Bredig and 

' J Amtr, Chm. Soc , 1923. 45 . 2512 * ZfUxh pAy^fai/ Chtm , 1903. 46 . 502. 
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Urown consider that a reciprocal oxidation and reduction of copper 
snd mercury may be the cause of the unusual results. Only one series 
pf data is given in the research. Hence, it is not possible to say 
whether either one of the two is particularly susce])tiblc to activation 
or what relation holds between the acceleration notini and the pro- 
portion of salts present. Further work is needed to elucidate these 
points. The mechanism suggested by the above ecpiation seems also 
to be impossibly complex, although Bredig and Brown say that the 
equation quantitatively re|»re.scat.s the course of events in very dilut(‘ 
aniline solutions. 

SriTORTED (UtAEYSTS 

The form of the catalsrst. -- In contact catalysis, the form of the 
catalytic agent is of considerable importance. The striking feature 
common to most of the contact cataly.sts is thi'ir jiorons or finely 
divid(Ml structure Indeed, this .structure may l)e regarded as 
characterising the suooe.s.sful contact agent. In several eases the 
preliminary phase of activation of a catalyst is aecom})anied by a 
change from a massive form to a finely (iivide<l structure. Thu.s, 
the ])latinum gauze catalysts used in the oxiilation of ammonia by 
air or oxygen at high temperatures change from a smooth, jdanc- 
surfaced wire to a corrugated material. Similar changes in physical 
form are shown by silver gauze ^ when us(‘(l for the catalysis of 
hyclrogen-o.xygen mixtur<‘s. The catalytic activity of copper wire 
can be greatly enhanc(*d by submitting it to alti'rnale oxidation and 
reduction of the oxide at successively lower tempcratun‘s. In this 
way copper catalysts can be .secured which will promot(5 oxidation of 
carbon monoxide, admixed with air or oxygen, at a ti'mjierature of 
KX)"^ C. The copper wire suffers, in the process, a physical change 
similar to that with platinnin and silver. Thes** .several methods 
<4 activation are, in reality, the production of sujiported catalysts. 
The wire core acts as a support material for tin* active, iiiiely divided 

! material produced on the surface by the proce.ss of activation. The 
mechanism of the activation ^ is to be ascribed partially to the increase 
in surface area of catalyst ; that is, the adsorption per unit mass of 
catalyst is increased with a resultant increase in reaction per unit 
mass in unit time. The activation, how’cver, also results undoubtedly 
in a change of the nature of the adsorption per unit surface of area. 
The evidence previously cited, and confirmed in a later section in 
the discussion of poisons, that' a catalyst surface is in reality a surface 
on which a number of patches of maximum activity occur, the greater 
part of the surface being of low activity, when applied to this problem 
of activation of massive wire catalysts indicates that in the activation 
process the number of positions of maximum activity is markedly 

* Bone and Wheeler. 

^ * Bancroft, Ftrst Beport, Committee on Contact Catalyeie, 1922 ; Langmuir, Trane. Farad, 

Sec,, 1922, 17, 607 ; Taylor, J. Frankhn IneU, 1922, 197, 1. 
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increased Tlie disordered arrangement of metallic atoms produced 
in the activation process is more favourable to the existence of 
such active [lakhes than is the normal crystal-lattice arrangement of 
the atoms in a srnootli-stramh'd wir(‘ Langmuir believes that the 
activation process may also operate favourably to catalysis by 
changing the normal 8[»acing of the atoms to one more favourable 
for the a(lsor[)tion of the reacting gas molecules in sm h tonfigurations 
as are conducive to interaction These several points of view with 
respect to the inechamsm of activation havi* only received tlie beginnings 
of ex|i('rimental venhcatioii Full ex|)erimeiital confirmation is to bo 
desired 

In the production of active catalytic agents the method of conduct 
of the process fri'quently yields a supported catalyst without general 
rc'cogmtiou of the fact Kclber showed ' tliat nickel oxide pei se, 
when redmed at about btH)" (', gave a moib-rately aitive catalyst, 
but when reduced at 450' (! gave a product of Imt feeble activity 
Nickel oxide deposited upon kies<4guiir and rediicisl at loO'' (' gave 
a catalyst much more active than the metal i'atal)st prepared at 
31Xf (t. These conclusions were confirmed by Armstrong and Hilditch,® 
who showed that a rediutioii at liiglier temperatures gives use to 
considerable shrinkage in the volume of tlie metal latalyst Tins 
shrinkage and loss of ealalytn. activitv is largely ,sup[)res.sed if the 
active material is spread n|)oii an ineit siippoit 'I’liese facts are 
apparent from the data of tin' following table 
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In discussing these results, Armstiong and Hilditcli remark that 
“ it 1ms freijuently been observed, with umsupported nickel oxide, 
that partially reduced oxide is more active than the same when 
completely reduced Since, as our bulk gravity figures sliow, there 
18 a tendency to contraction when a light, precipitated oxide is reduced, 
it is obvious that a partially reduced oxide will consist of a him of 
nickel dispersed over the central core of each particle, and it is practically 
certain that the superior activity of this product over the fully reduced 

‘ Btr , laiC, 49, 65, 1888 • /'roe /foy Hoc , 1921 , 96a, 490 . 
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metal is duo to its being a ‘ supported ' catalyst (nickel distributed 
on nickel oxide) and tJierefore of the same type, although not of the 
same degree of activit5% as nickel upon a sujiport such as kieselguhr.” 

The sujierhinty of the catalyst spread up<*n kieselguhr is to be 
attributed to tlu' nature and extent of distributit)n of the metal and 
to the fact that the support does not shrink upon heating, its bulk 
determining, almost wliully, the bulk of the linal product. The support 
acts as an anehor to the metal ih'posited u})on it ami inhibits the 
sintering or cry.stallisation which occurs with the iinsupja>rted catalyst. 
The occurrcni'c of sintering with the unsujiported catalyst is readily 
S('cii from the data in the pri'vious table at ‘ilH) ('. and htKI' (J. for 
the nHluetion of the hydroxide, the apparent volumes at the two 
temperatures being 0-S.‘l and O-f)!) respect iv«*ly. This sintering occurs 
with most un‘'Upported catalysts not only at high reduction temperatures 
but aNo wlieii catalysts prepared by rediietioii at low temjieratures 
are .sui»j(‘cted to succes.sively Inglier ttmiperaf ures Tin* siiit<*riMg is 
roughly characterised by the chang(‘ in apparent voliimi'. The <'hange 
of adsorptive cajiacity of the sumph' is, lu)W(‘ver, a much more siuisitivc. 
criterion of tin* occurrcnc<‘ «(f sinl(‘ring ’ 'Pin* extent to wdiich this 
occurs may be illustr.itcd by the following figures - on unsu}>in)rti'd 
cojiper ami iiK’kel befon* and afti'r a heat treatment following a reiluetion : 
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Ad.sorptivt' capacity is al.so a good index of the (‘xteiit of di.s- 
tribution of the metal catalyst on a suitalih* support material, and 
also of the non-sensitivity of sucli a supiiorted catalyst to heat treatnnuil. 
Gauger and Taylor'*^ readily obtained adsorptions amounting to o e.e, 
per gram of nickel at 0^ (’. and 760 mm. with fins catalyst H])n*ad 
on diatomite brick. The mu.st highly ad.sorptive sample of unsupported 
nickel prepareil in the .same manner showed an ad.sorption of 1-3 e.e, 
hydrogen per gram of nickel under the .same eireumstanc(*s. There 
is reason to believe that this sample v^^as in ri'ality a sup})orte(i 
catalyst, namely, a jiartially reduced sample, nickel on a nickel oxide 
support. Furthermore, in contrast to the data on unsupjiorted nickel 
catalysts cited in the previous table, nickel catalysts on diatomite 

’ Tnylor, 3rd Keporf on (''ont. (’at.. J, I*hy«. 15)24 

* Peaw, J. Afner. Chfm Soc., 1923, 45, 115)6. 223.5, IWIm- and Taylor, J. Amrr Chem. 
Soc., 15)24, 43, 43. » J Amer. Chem. Hoc., 1923, 46, 920. 
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brick could be prepared by reductjon at 500° C , or could be subjected 
to beat Ireatriient at such temperatures, without loss of adsorptive 
capacity J\)llard ^ found that ad.sorption measurements could not 
be duplicated satisfactorily with platinum black, as the gases could 
not he pmnpi'd off comjiletely' without heating to 300° C, at which 
temperature the platinum sinters to such an extent that the adsorption 
changes very much Platinised asbi’stos, however, can be heated to 
400" 0 without undergoing any change 

Th(‘ increased catalytic activity per unit mass of eatalytic agent 
employed, seeured by spreading the catalyst on a support, means 
economy of material in the catalytic operation It is for this purpose 
that the more expensive contact agents wore thus first supported, 
the use of platinised asbestos and platinised magnesium sulphate 
being good I'xamph's At the same time, other desirable properties 
in the catalyst may be secured If a catalyst mati'rial be too fine, 
eonsideriible resistance is offered to the passage of reacting gases, 
and this freiiuontly results in clianncllmg through the contact mass, 
with a corresponding decrease in efficiency The incorporation of the 
catalytic mass upon a suitable sujijiort may obviate such difficulties 
In ('xothermic eatalytic reactions tiu're is tlu* danger that overheating, 
and consequent destruction of the activity, of a catalyst mass may 
occur Quite rec'cntly iii such eases use lias been made of the metal 
aluminium as catalyst sujiport material, thermal eijuilibnum in tiie 
catalyst system being thereby facilitatc'd The metal siippoit is 
employed in a granular form, obtained by allowing the molten metal 
to cool slowly in trays, the mass meanwhile being vigorously shaken 
Support materials and poisons. -Rosenmimd and hanger-* have 
shown that the nature of the supjiort material is of importaiiee in 
protecting the catalyst against poisons as well as in influenemg the 
catalytic activity Witli jialladium catalysts on various supports the 
influence of arsenious oxide and carbon monoxide as poisons was 
studied, in the reduction of cinnamic aeid Kicselguhr-pallacluira 
catalysts showed tlie least activity and greatest sensitivity to poisons 
Blood ciiareoal gave the most active and most resistant jirejiaraiions 
In these two eases activity and resistance run parallel Barium sulphate 
supports are more active than pumiee, , the latter are more active in 
presence of the poisons The effect of the supports is evidently a 
function of the adsorptive capacity of the support for the poison It 
acts in these eases as a purification agent m the catalyst system 
Adsorption o! reactants by support materials. - It is possible that 
one of the functions of the support material is to provide the catalyst 
with a reservoir of one or more of the reactants Thus, E A Beebe * 

' J Phvs Vhtm , 1923, ST, 356 

’ lUrrett Co , Kdg«water, N J . Stookholm’s Sufjcrfoofat Aktaebolagft, S P . 1021. 

’ Her, 1923, 66. 2262 

* 'I’liesiB, Prmcpton Unui'fsity, 1924, J Phtfa Vhtm , 1926, 29, 1326. 



^ shown that asbestos, suitable for use as a support for platinum in 
phe production of contact mass for sulphur dioxide oxirlation, adsorbs 
u*79, 0-10, and 004 c,c. of nitrogen and 53*0, 11-3. and 2*0 c.c, of 
bulphnr dioxide per gram at 1 10'\ and 218° (\ respectively. Similarly, 
Wgnesiuni sulphate was shown to adsorb marked (]iiantities of the same 
gases. Diatomite brick, which forms a good support material for the 
cuprous chloride used in the oxidation of hydrogen chhmde by the 
Deacon chlorine jnocess, can l)e .shown to adsorb large amoutjts of 
hydrogen chloride. Hus.s«‘ll ^ has shown that juimice used as a support 
for nickel adsorbs 1*2 c.c. of nitrogen per gram at lit)' f^, and still 
larger ([uantitie.s of carbon tiioxide. The (piestion as to whether this 
adsorption by the sup])ort of one of the reactant ga.ses facilitatOoS tin* 
progn'ss of the catalytic n*action has .still to be decided. .More must be 
learned coneerning th(' meehaiiism and charaeterisHli«)n of activation of 
reacting specie.^ In tin' meantime the exi.stene** of siieli adsorptive 
ca))aeiti<‘s by the su|»porf materials mn.st be nMuenibered when ineasure- 
nu'iits of adsorption by contai't materials spn'ad u])on suj>})()rts are 
being made. 

Nature of support materials. A variety of substanci's have' been 
emjdoyed as suppon- materials. In addition to those aln'ady alluded 
to. mention may be made of gla.ss, wool and silica fibres, tibrox, various 
porous siliceous materials .such as fireclay, aluiidum. and unglazisl 
porcelain, the various forms of charcoal, anhydrous salt.s and porous 
oxides obtained by eatcination of suitubb* niatiTials or by (bdiydration 
of gelations, jireeipitates or gels. 


Gels as support materials. (Considerable attention has been devoted 
recently to the us(* of g(4s as sujjport materials for catalytic agents, and 
sonu' striking results have been indicated. An impetus was given to 
this work by the devi'lopment of the technical production of .silica gel 
ad.sorbents liy Patrick^ and of lia.se.-exchanging silica gel and alurnina- 
gels by Wheaton and J. Crosbolds.^ Patrick lias }»atent(‘d * thc^ use of 
impregnated .silica gels as catalytic agents, having mentioned speeificnlly 
the production of jilatini.sed silica gels for sulphur dioxide oxidation. 
He has shown also that silica gels impregnated with iron oxide show 
marked efficiency in the oxidation of sulphur dioxide. As an cxamjile 
of the preparation of such a gel, Patrick cites the production of an iron 
oxide gel. One liundred c.c. of a o per cent feme chloride solution is 
mixed with 200 c.c. of sodium .silicate containing 1 fier cent NagO. 
After the mixture has set, the gel may be broken up and washed free 
from chlorides without loss of iron. The impregnated ferric oxide may 
be reduced to iron by the action of hydrogen. In place of the silicate, * 
ttn aluminate, stannate, titanate, tungstate, or zirconate may be used. 
The products cited in the patent include silica with iron, copper, or 


‘ Thesis Princeton Univcnntv, 1924, ./ Phye. Chrm, 1925, 29, J325. 

* B.P. 136543/1919; U.S.P. l'297724;i919. 

» B.P. 177746/1922, * B.P. 159508/1921. 
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nickel, silica and iron oxide with copper, magnesium, cadmium, zmc, 
md manganese oxides, and silica and alumina with copper oxide 

Reyerson and Patrick ^ liave studied metal-impregnated silica gels 
obtained by nslucing metals fiom solutions of their salts by means of 
hydrogen adsorbed in silna gel at -20'’ (' The metals form a black 
dejiosit on the gel, and m the case of jialladium, platinum, and copper 
marked reaction between hydrogen and etliyleiie has been obtained 
at room temperatures 

Choice o! support materials. The clioue of material to be employed 
18 generally determined by [irocesses of ex[)enmeulatioii \s with 
the choice of latalysts generally, no sure guiding jirincijdes can be 
laid down Experience shows, however, that in a great many cases 
U 80 of a given catalyst support brings about a serious diminution m 
catalytic elliciency, generally attributed to a fiiiKtiomng of the siipiiort 
as a negative catalyst Ob\ious|y, with a cafulvst which is [xusoned, 
for exampli', with sul|)hur, the presence o) siilpliui in tlie latalvst 
8up[)ort is not permissible The extraordinary seiisitnil} of leitain 
catalysts to minute impurities restricts .seven'Iy tin' number of jiossiblc 
supports In reactions which aie conducted at liigli temperatures, 
also, the possibility of interaction between eafalvst and support 
material must be eoiistaiilly envisaged Kspeeially in the ease of 
oxide catalysts is this necessary, owing to the ease of eomlunation 
with siliceous materials with formation of iioii-a(fi\e silicates In 
such cases, catalyst supports whidi are Imsie in eliameter an' to be 
favoured The ideal support, tlierelore, should be a porous materia! 
free from impurities negatively eataly tie to tlieeoiifaet bodv, iiua[iai)le 
of interaction with the catalyst, and, if [lossibh' itsell positively 
catalytic, even though feebly so, to the leaetioii in which it is to be 
em[»l()yed 


Fkotkctko L'AI'AI.YSTS 

Colloidal catalysts when employed in catalytic reactions often- 
times lose their activity by agglomeration of the colloidal particles 
The. decrement m siirfaei' thereby resulting is roHeeted m a di'crease in 
catalytic lutivity Such colloulal catalvsts may be stabilised b> the 
addition of vahoiis agents, and the use of such "protected ’ colloidal 
catalysts is now standard practice. Paal and liis co-workers made use 
of a water-soluble protective colloid, the sodium salts of protalbuuc 
or lysalbiiue acids, to .stabilise colloidal platinum and palladium 
Skita,® who has detailed in a comprehensive manner the literature of 
tile subject, employed an acid stable jirotectivo colloid such as gum 
arable. Gelatine and glue have also been employed. 

* Colloid Symposium Monograph, 119, Mndisoti Wis , 192S 

» llsr , 19015, 38. I.S98. 1400. 2414 . 11K)7, 40 1392, 2201, 2209 . 1908, 41. 8(«, 2273, 2282 , 
1909, 43, 1S44. 1.W3. 2239, 3930, 1913, 46. 1297 

» Jkr, 1911, 44, 2802 , 1912, 46, 1027 
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The function of the acicled agent is to protect the colloid particles 
from agglonit'ration in the reaction media in whic'h they are placed. 
Tliis is brought about by the presence of the protecting agent on the 
outside <»f the particles of <'olloidal catalyst. Tin* stabilisation thereby 
secured I*' obtained, however, at the expense of tin* catalytic activity. 
Tlii.s was .sliown by (Inili ^ in the .stabili.<ation of colloidal platinum by 
gelatiin* Even small <juantitie.s of the gelatiin* exert a most marked 
retarding mfiuence on the rate at which hydrogen {x'roxide is decom- 
posed by the platinum, as the following tabh* shows , 
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The gi'latine. however, mcrea.ses the stabilitv of the colloidal metal 
solution, and t('iids to prolong its period of acfiMty by preventing its 
precipitation by electrolytes. 

Kideal “ stinlied tin* protective action of gum arabii* on colloidal 
platinum or palladium in the catalytic liydr(>genation of phenyl pro- 
])iolie acid It was found that gum arable in small amounts incri'ascd 
and then in larger amounts decreas(Ml the rate <»f the reduction jirocess 
when the sols were |)n*pared in tin* pre.sence of tin* protective* agemt. 
The increase is to be attributes! to an incre'a.seal elispe*rsie)ii eg the* ceelloidal 
me‘tal bremght abeuit by the* presence of the pre)te'e*tmg age*nt. Jn 
studying mi.xeei jelatinum anel ]talladium sdls, Itieh-al femnd that “in 
all cases where* the* sol was pre]>ared fremi jdatinum (‘ontaining small 
quantities e»f palladium there was a ve*ry marke'd iniprovem(‘nt in 
stability aiiei resistance to age ove*r those* ]>re*pare*d from the jiiire salts. 
This suggests tile* hypeithesis that promote'rs may function in jeart as 
peptising agents for colloidal catalysts or for catalysts which pass t hroiigh 
a colhiidal stage at some point in their preparation." liaiicroft jxdnts 
out that in addition to tlie po.s.sibility of ineie ase'd elispersion, it is 
also pos.sibk* that the re'action may take* place* more* rapidly at the* 
interface be'tween the^ twe> nie‘tals. 

Iredale stuelie*d ^ the j)aralleli.sni lie-tweie-n the* elTce t of pre>1e*ctive 
colloids on the catalytic decomposition e»f hyelrogen peroxiebi and 
the*ir etficicncy as protective colloids. He founel tliat tlie^ stronge*r a 
substance is as a jirotective colloid the greater its inhibitory power 
on catalytic activity. The order of inhibit ive efTe*cl is ge'latine and 

’ fJiytttkal (’htm., I'Jlt, 88. 4J4; Ikucroft, .S*'C()n<i Itfport, ./, ('hem., 11123, 

27, KS>2. 

* .Itii/r. (‘hem. Soc., 1020, 42, 740. 

® Se'<-oU(l K<»|tort, Pht/f. Chem , 1023, 27, 804. 

* J. Chem Soc., 1021, 149, 109 j 1922, 121, 1530, 
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> (' 1 '^ albunnn > guru arahic > sucrose, the last appearing not tp 
affect the reaction at all With gelatine the inhibitory effect was 
noticeahk with cue part of the protective colloid in twenty million 
jjarts of water By determining the smallest amounts of diilcrent 
j)rof.eetive eolloids which perceptibly retard the catalytic decomposition 
of hydrogen peroxide, Tredale obtained inhibition numbers which ho 
then compared witli the gold numbers, using gelatine as standard, 
Tlie inhibition numbers for gelatine, egg albumin, dextrine, and starch 
were found to be 100, 20, and 0 33, while the gold numbers were corre- 
spondingly 100, 20, 0'66, and 0 40 Iredalo therefore concluded that 
tile inhibition number may be defined as the percentage of jirotcctive 
colloid, which 18 just insufficient to inhibit catalytic action The ratios 
of thesi' numbers for different protective colloids are of the same order 
of magnitude as ttu' ratios of the gold numbers 

Rocosolano ^ found a similar relationship between the inhibitory 
action of gelatin!' and giirn arable With sodium lysalbate the rate ’ 
of decomposition of hydrogen jicroxide in presence of colloidal platinum 
decri'ases to a minimum with increasing concentration of protective 
colloid, but passes through a minimum and then increases This 
latter effect is to be attributed to the alkalinity of the protective 
( olloid, which overcomes the inhibitory effect 

Bancroft^ concludes that the essential dilTerence bet, ween the 
“ supported " and the “ protected ” catalyst is that m the former 
the jilatinum is on the outside of the asbestos, whereas the gelatine is 
on the outside of the platinum m the latter 

' Compt Tind, lllJl, 173, 44, 231 
‘ VoVmdal B(h<mour. p 274 (Mdliaw-lhll, UI21) 
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CATALYST I'OISONS AND TUB IXHIIUTION OF HOMOUBNKOUS 
CHKMICAL RKAC'JTONS 

Tfik plicnoriuMion of ‘‘ poisonin{>: " is limited to contiirt catalytic 
reactions. The term “ poisoning '* was originally given to the reduction 
in activity of contact catalytic agents which is brought about by the 
pre,s<‘nce of substances foreign to the r(*action under study and present 
in relatively small amounts. The use of the term has been extended, 
ami it is now recognised that poisoning to various degrees jiiay occur, 
requiring relatively small or large amounts of a foreign substance, 
and, also, that even the reacting species or the resulting products may 
“ poison ” the reaction at the catalyst surface, slowing down the rate 
at which the proo<-ss takes place. 

The attention of the scientist to the plienoimmon dates almost 
from the earliest studies of catalysis, as has liecn indu'ated in the 
historical introduction Dobereiner’s platinum “ sickened ” with use. 
Faraday investigated “ some very (*xtraordinary interb'rences with 
the catalytic combination of hydrogen and oxygmi in contact with 
platinum. Turner and Henry gave much attention to the jihenomenon, 
and out of tlieir researches developed methods (if preb^rential catalytic 
combustion. The jtarallelism existing betw(M'n the inhibition of 
contact catalysts and of enzymes probably led to the extended use of 
the term “ poisoning ” for the phenomenon. 

The occurrence of |)oisoning in technical catalytic processes has 
been a determining factor in the industrial application of catalysis. 
The transfer of a catalytic iirocess, perfectly jiracticable on the 
laboratory scale with purified materials, to the stage of technical 
production, in which materials of the same degree of purity are less 
easily obtained, is very frequently the central problem, determining 
ultimate success or failure. The early patent to Phillips on the 
oxidation of sulphur dioxide in presence of platinum only attained 
commercial cxploitatioli when the problem of the removal of arsenical 
and other poisons from the sulphur gases was attained. All earlier 
commercial efforts to secure the catalytic production of sulphur 
trioxide failed, owing to poisons in the reacting gases. Volatile silicon 
127 
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' compounds lead to the poisoning of jilatiniim in the ammonia oxidation 
proco.ss Traces of sulphur compounds present in the reacting gases 
ar(“ poisonoii.s in the ammonia synthesis reaction and in hydrogenation 
processes, with the normal catalysts for the.se operations Oxides of 
sulphur and arsenic impair the activity of cuprous chloride catalysts 
in the Deacon, chlorine process 

Classification.— Poisons may be either permanent or transitory 
Thus the Hilieon comjioiinds present in the ammoma-air mixture and 
in the oxidation of ammonia in eontact with jilatimim gauze are 
oxidised to silica, which is de|)OSited in part on the gauze and dc.stroy.s 
its activity by covering up the platinum surface Th<‘ poisoning is 
jiormanent Dust may also he mcliuled in the category of permanent 
poisons Hydrogen sulphide and sulphur compounds transform an 
iron cataly.st in ammonia synthesis and a nickel rataljst in hydro- 
genation ])roee.sse.s to tin' (•(jrresponding sulpliides, v\lios(> catalytic 
activity is negligilih' Tlte elleet of the snlpliur is cuniulatue and iion- 
ri'versible, and it is neee.ssarv to regenerat(‘ a eataly.st .so jioisoneil by 
suitable means In the ease of an iron lalaK.st poisoned hv sulphur, 
it IS necess<iry to oxidise the sulphide completely to the oxide and 
then regenerate the metal hv lediietion All eases of permanent 
lioisoning recpiire sneh a renewal of th(' rontaet mass liefori' original 
activity IS regained 

Transitory [loisons are those whieli an' onlv eilt'itne so long as 
they are present in the n'lieting sy.stem After the reiiiosal of I lie 
harmful eoustitiient from the reactants, provided the action has not 
been too [irolonged, tin' original aetiviiv of the latalvst is restored 
Paraday found that the inlubilor} action of eailam monoxide on I he 
platinum eatalvsis of hvdrogeri and oxvgeti onlv lasted so long as 
carbon monoxide is present in the reacting gases Watei vapour is a 
transitory [toison in ammonia sviilhesis in jiresence of an iron catalyst, 
at a reaction t('ni])eratiire of .'’lOtP (' lanv eoinersion cflicicncies an' 
obtained when the drying of the nitrog<'n hvdiogen mixture is in- 
conijilete Put the oiiginal aelivitv is reston'd wIn'ii thoroughly 
dried gases ari' turned into the reaction svstt'in 

It should be noted that the elassifieatnm is d('p('n(I('nt both on the 
catalyst and tin* reaction A poison may iu' both transitory or jier- 
manent according to the ratalvst used In the ease of ammonia 
synthesis, using uranium carbide (whieli changes to nitride with use) 
as catalyst, water vapour, oxygen, and carbon monoxide are permanent 
poisons They convert the nitride to an irredueible uranium oxide, 
eatalytieally inert It is this factor that has militated against the 
technical use of the otherwise very excellent uranium compound as 
a catalyst in ammonia synthesis As already mentioned, water vajioiir 
IS a transitory poison in ammonia synthesis with an iron oatalyst, 
Furthermore, it is probable also that water vapour is the real poison 
in tlio case of oxygen and carbon monoxide poisoning in ammonia 



in presence of 

traiisforniation to water vapour and to methane and water vapour 
respectively under the conditions of the synthetic process. 

The mechanism of poisonini;. — It is now generally agreed that the 
inhibition of reaction produced by poisons is to be ascribed always 
to the diminution of the active catalyst surface by the poison. The 
reduction in surface may be mechanical and permanent, as in the 
illustrations of permanent poisoning already given, 'the reduction 
may alsd be temporary, and in this case it is brought about by 
preferential ad.sorption of the poison on the catalyst surface. Experi- 
mental data to illustrate this explanation of temporary poisoning 
have long b(‘eii available, but it is only reccmtly that the full realisation 
of their signitieance has been attained. Bancroft ^ has been especially 
inslrumcntal in .securing this recognition. His correlation of the 
literature has been supplemented by experimental data designed to 
give this point of view a (plant itative bask 

Faraday's obstTvation - that “the very power which cause's the 
combination of oxygen and hydrogen i.s competent under the u.sual 
casual exposure of platina, to conden.st* extraneous matt(*rs upon its 
surface, which, soiling it, take away for the time it.s power of combining 
oxygen and hydrogen, by preventing their contact with it”, was 
extended by Henry. ^ He recognised that the pre.sence of the reaction 
product might slow up the rate of r<*aetion. He proved this by .showing 
that the reaction rate between (‘arbon monoxide and oxygen in 
contact with platinum was accelerated if the carbon dioxide produced 
was continuously removed from the reaction systiun by adsorjition 
with caustic ]»otash, Schdnbein pointed out that the hydrid(‘H of 
sulphur, selenium, tellurium, phosjihorus, arsenic, and antimony were 
all activ(‘ in retarding the reaction betwcim air and hydr((gen or ether 
in the ))rp.s(‘iiC(‘ of platinum. He was of the opinion that the inhibition 
was due to tlie formation of a film over the platinum, probably solid, 
not tluit of a gas liliii. This is not a necessary conclusion, as we now 
know that preferential adsorption may be strong, (*ven of gases in 
minute c(»ncentrations, and an adsorbc'd gas film is just as elTectivc 
in covering an active catalyst surface as a solid lilrn. Maxted has 
shown, ^ however, that platinum or palladium may decomjiosi' hydrogen 
sulphide, the sulphur remaining on the surface, so that Schonbein’s 
reasoning may be correct in certain cases, 

Bredig 8 studies ® of the analog)’^ between colloidal metals and 
enzymes showed that the activity of colloidal platinum in the decom- 
position of hydrogen peroxide could be inhibited by minute amounts 

‘ J. Phijtxcal V^m., 1917,, 21. 7C7 ; First and Second Ikports, CemmilUe on Contact^ 
Cafalmis. 1022. 1023. 

^ Kjtivrimtnbil Rejtearches, 353. ® Phtl. Mag., 1836 [3J. 9, 324. 

* J. pr. Chtm.. 184.3, 29, 238. ‘ J. Chem. Soc., 1019, 118, 10.50, 

• Zeilsch. phgsikcd. Chern.. 1899, 81, 2i>8; 1901, 87, 1, 323; Her., 1904, 87, 798; Zeitwh. 
SMUrochem., 1908, 14, 61. 
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iron, since both these gases undergo quantitative 
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of foreign substances just as the function of enzymes m the same 
reaction couW be similarly suppressed Bancroft has compiled the 
following table relative to the effect of minute concentrations of 
substances as poisons in the decomposition of hydrogen peroxide by 
means of platinum and by hiemase, the active enzyme of the red blood 
corpuscles In the second and third columns of the table are given the 
molar concentrations at which the poisons reduce the rate of decom- 
position to approxim&toly ono-half of the rate in absence of the poison. 
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M, 250, (XX) 

H,SO< 


1 M/rxi.ooo 

KNO, 


M, 40, 000 
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[ Slight poisoning (’) 

1 .M/40,0(X) 


There is an undoubted jiarallelistn lietwceii the two cases , since 
adsor]ition is specific, however, it i.s easy to understand that the same 
substanei's should not necessarily poison both platinum and hiemase , 
since, also, the extent of adsorption at a given concentration vanes 
with the adsorbent, a given concentration of poison should not 
neciissarily poison them both to the .same e.vteut. 

The investigations of I\1e)erhof^ on the ‘‘narcotic'’ action of 
alcohols and urethanes in the catalytic decornpo.sitioii of hydrogen 
peroxide by platinmn may also be cited in reference to the adsorption 
view Ulr.rainicro,scopic evidenco showed that the addition of the 
narcotics did not cause an agglomeration of the colloidal particles, 
and therefore the decreased rate of decomposition is not attributable 
to .such cause Meyerhof considers it probable that a surface film of 
the poison is formed ov'^er the catalytic agent, which prevents contact 
of the reacting substances with the catalyst The retardation caused 
by alcohols and urethanes in the action of invertase on sugar is also 
attributed by Meyerhof ® to displacement of the sugar from the surface 

‘ rfiigfr'n 1914, 157. .707 
* I’flilgfr's .iKiiP. 1014, 167, 251 
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»f tho colloidal mv^rtasc. Cases of agglomeration of colloidal particles 
fere, however, hot unknown, as was pointed out by Bredig. ' 

I The researches of Bodenstein and his co-wwkers on the kinetics 
fof heterogeneous gas reactions demonstrated conclusively that both 
E^the reaction products and one or other of the reactants could act as 
'"poisons to the catalyst in the reaction. Fink's work with Bodenstein 
on the ni(‘ehani.sm of sulphur dio.vide oxi<lation ^ in contact with 
plafiniiin established kinetieally. as well as hy experimental measure- 
ment of a<lsorpti(jn, that the .sulphur trioxide jrixlueed inhibited the 
reaction by reason of its strong conelen'^ation on thi' surface of the 
jilatiniim. Tliis eebservation was incor()(»ratcd in the Boelcnstcin* 
Fink theory of gas reactions at catalytic surfaces. The reaction 
velocity was assumed to b<‘ elctcrmincd by the rate of dilTusion of the 
reactant gases through a him of adsorbesl resultant, which him was 
assunn'd to vary in tliickiu'ss with the' partial ])rc.ssurc of such resultant. 
Bangniuir has sho\Mi.^ howcv(*r, that the kimdie data may receive a 
dilTcnuit ex[)lanation If only nnimoleciilar laye'rs of adsorbed gas 
are pos.^ible' -and Fink's m<'asun*me*nt.s iieiieate' tin* essential correct- 
lU'ss of tins view - the reaction rate* is eomlitioned by tin* fraction of 
the* surfaee which is hare* of the .strongly adsorlx'd gas iimh'r the 
experimental conditions. The strongly adsorlxsl gas may be one of 
tlie reactants, a.s tin* work of Bodenstein and Ohlmer ^ on the 
comiunatKm of carbon moiKKX'ide and oxygen in i-ontact with (juartz 
glass indicates. In this ea.se. carbon monoxide is a poison to its own 
reaetif)!). Tin* experimental <lata are siieeessfiill\ mt<Tj)reted by 
Langmuir in a manner analogous to that (d)taimng with sulphur 
trioxide. Binlensteiii and Fink as.suine(l that the surface of tin* glass 
was covered with an a<lsorbed layer of carbon monoxnhi of a thickness 
proportional to the pressure of the gas. By then assuming that the 
oxygen has to dilTuse through tin* lay(*r of carbon monoxide la'fore 
coming into contact with tin* <piartz glass where it reacts with the 
monoxide, it was possible to explain tin* fact that tin* reaction rate was 
projiortional to the oxygen pre.s.sure and inversely proportional to the 
pressure of carbon monoxide. This naturally involves an assumption 
that the (juartz gla.ss is cajiable of adsorbing the gas in lilms many 
molecules de<*p, Bodcn.stcin ami Fink did not. measure tin* adsorption 
of quartz gla.ss for carbon monoxide. Some unpufilished measure- 
ments by Benton indicate that the adsorption of this gas on quartz 
glass ground to almost colloidal dimensions is abnorinally small, so 
small that the Bodenstein-Fink assumption is very iinprobafih* indeed. 
Even Langmuir's assumption that the surface is nearly covered with a 
layer one molecule deep secnis to require some modification, namely, 
that only those portions of the quartz .surface which ar« catalytically 
active are nearly covered with carbon monoxide. This would mean 

‘ ZolJcA. 1899, 31. 3.32. * '/^.U»ch, phyM Clum., 1907, «0, 1. 

^ » J. Amer. Vhem. Soc., 1916, 38, 2286. * Zeitxh, phynkal, Chan., 1905, 58, 166. 
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that the “ elementary spaces ” of the surface are not all catalyticall 
active, Langmuir’s method of treatment would then be restricted t 
the “ elementary catalytic sjiaces ” bhirther evidence for this ide 
of ‘‘elementary catalytic spaces ” will be given in a succeeding section 
when more quantitative evidence will be brought forward 
It IS of inteiest to record that Bodenstein and Ohlmer showed that, 
in contact with crystalline quartz, the reaction between carbon monoxide 
and oxygen follows the ordinary stoichiometric equation This result 
really re(|mres further experimental test, as it involves a most interest- 
ing phenomenon The carbon monoxide is apparently a poison with 
the fused quartz glass and not a poison with the crystalline variety of 
the same molecular species 

Adsorption by poisoned catalysts,- A number of isolated observa- 
tions occur m the older literature concerning the mfliience of poisons, 
on tli(‘ adsorption, more generally designated the occlusive power, of 
catalytic agents Berliner showed ^ that traces of fatty vapours from, 
the air or from the grease on the stopeocks will decrease the occlusion 
of hydrogen by palladium from about nine hundred volumes to nothing. / 
Mond, Kamsay, and Shields showed that mercury vapour liad the' 
same action. Fink'’’ demonstrated sulphur trioxule adsorption, hut, 
did not determine the ad.sorjition of other constituents in its {iresencc 
Paul and Steger * showed that mercury vapour cuts down the adsorption 
of palladium hydrosol for hydrogen and decreases the catalytic activity 
towards oxy-liydrogen gas 

The most complete experimental study of adsorption m presence 
and absence of poisons has been curried out by Muxted,'' who has 
demonstrated definitely the parallelism between the action of poisons 
on adsorption and on catalytic activity The occlusive power of 
palladium for hydrogen ui the presence of occluded hydrogen sulphide ' 
was shown to vary linearly with the content of inhibitant The 
decrease m activity caused by the poisons, lead, mercury, zinc, sulphur, 
and arsenic, is directly projiortional to the concentration of inhibitaut 
from zero roncenlration in platinum up to that jiroducing practically 
comjiletc Diactn itv Tlio presence of lead decreases both the hydrogen , 
adsorption by, and the latalytic activity of palladium The amount 
of lead, as poisou, required to reduce the catalytic activity to ono-half, 
is very much less than that winch reduces the occlusive power to one- 
half its original value. This may be explained by the fact that while 
occlusion 18 not confined to the surface, catalysis is mainly a surface 
phenomenon It will bo shown, however, that this observation, 
rejieated with metals which show little or no occlusion such as palladium 
shows, leads to very interesting conclusions concerning the nature of 

‘ .15)1 , 1888, 35, 1H).1. * piytM Chm , 1898, 25, 667. 

‘ fler. 1918,51. 1743. 

* J Chm. Soc, 1919, 115, 1050, 1920, 117, 1280, 1501 ; 1921, 119, 226, 1280; 1922 
121, 1760 



i ptalyst surfacea and their reactivity. Maacted also shidied tie 
^talysis of hydrogen peroxide decomposition by platinum in solutions 
pntaining metcuric chloride, mercuric nitrate, and lead acetate. The 
urve obtained by plotting the catalytic aetivity of the platinum 
gainst the poison content is approximately linear until at least 70 
er cent of the original activity has been suj^pressed. Preliminary 
^experiments on adsorjjtion indicated that inhibitanta such a.s cata- 
dytically poisonous metals, in dilute solutions, are adsorbed strongly by 
platinum catalysts ; but the adsorption is incomplete, except probably 
in the presence of relatively large, concentrations of catalyst. This 
result has recently been ({uantitatively confirmed by Alaxted.^ It is 
worthy of note that arsenic, in the form of sodium arsenat<*, has a very 
low toxicity to platinum, whereas, in the form of arsine, it has a high 
activity as an inhibitant This distinctiem was earlier noted by Bredig. 
It is a result which is entirely explieabh' on the basis of the m‘wer 
theorie.s with respect to the electronic configurations of arsine and 
ar.senates. 

Langmuir “ showed that carbon monoxide was adsorbed tenaciously 
by platinum at room temperatures, and that at a temperature below 
450^ K. it should be impossible, in any rea-sonable time, to remove an 
adsorbed film of carbon monoxide merely by pumping idT the gas 
with a good vacuum pump.''^ Taylor and Burns * eonfiniu'd tins eon- 
clusion, working with platinum black, and found that it wa.s neei'ssary 
to burn the gas off with oxygen and then remove the excess u.vygen 
with hydrogi-n The hydrogen <*ould then be removeil by heating in 
a vacuum. Wlu'u platinum black was not subjeet<‘<l to this treatment 
after having been exposed to carbon monoxide, but vas nuTely 
evacuated at 1 U) ('., a subse([uent measurement of hydrogen adsorp- 
tion showed three volumes at 25" whereas the true valiu' on a clean 
surface was 0*85 volumes. This is a decrease <>f apjjroximately fiU 
per eeut. In an analogous way the adsorption of carbon monoxide 
itself at UO'^ 0. declined from llt'2 volumes on a clean surface to 7*3 
volumes when the surface had been exposed previously to carbon 
monoxide and then only evacuated. This would indiiate that it is 
possible to render only about 40 per cent of the platinum surface free 
from carbon monoxide by heating the ves.sel to 1 10' L. in a vacuum 
of 0-002 null, for a motlerate jieriod of time. Tliis tenacity with 
which carbon monoxide is held and the diminished adsorfjtion thereby 
produced is a convincing demonstration of the cauw- of inhibition 
noted by Harbeck and Lunge ^ when carbon monoxide was present in 
the hydrogenation of ethylene. 

Taylor and Burns' catalyst was undoubtedly contarfiinated with 
Ifopcock grease and was not readily susceptible to exact adsorption 

^ W. CA«»n. -Soc., 1925, 127, 7.3. * J. .1 m«r. S’w., 1918, 40, 1398. 

• Tmiw, Farad. Soc., 1922, 17, 641, * J. Amer. Chem. 8oc., 1921, 43, 1283. 

» ZeUaeh. awry. Chem., 1898. 16. «0. 
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ipasurements, since, if heated above 110° C, coalescence of tli< 
Jatiniim black occurred Pollard’ obtained their results oven more 
strikingly. With pkiimml iishestos kept vcrj’ clean from grease, he 
obtained one hundred and sixty volumes of hydrogen adsorbed per 
volume of platinum On introducing carbon monoxide, the hydrogen 
adsorption dropped to about seven volumes, wdiicli is practically 
negh^,Mble under the conditions of the experiment 

By studying the influence of poisons on the adsorptive capacity 
and catalytic activity of copper. Pease ^ avoided iMaxted's difliculties 
with jialladium, with which metal both surface piienomena, solution 
and compound formation with liydrogmi may occur Pease admitted 
mercury to a copper catalyst on which measurements were made both 
of adsorjition and catalytic activity before and after poisoning About 
20 c.c of mercury vapour (measured at (P (I and TOO mm) were 
admitted to the cop])Cr, which was then heated to 2(KI' (' for one 
half-hour and evacuated After cooling, the mercurv bad disappeared 
and the catalyst was unchanged m appearance The a(lsor[itions at 
380 mm jiressure of hydrogen and ethylene, respectively, wen' found 
to be 3-2r) c C and 8 53 c c before poisoning and 0 15 ( c and b 70 c c 
after poisoning The rate of reaction was reduced to atiout one-half 
per cent of its value before jioisoiimg This reduction in rate is acliievi'd 
with a reduction of fiydrogen adsorption to about one-twentieth of its 
former value The ethylene adsorption was only moderately dimiiiisin d 
This experimental evidence is conclusive in one respect ll induates 
that tlio reactivity is not exactly |»roporlional to the cKtent of the 
adsorbed gas. In other wools, not all tin' adsorbed gas is rendered 
catalytieally active in the process of adsorption 

Pease's subsequent woik^ has abundantiv (.onfirined these con- 
clusions and amjililied them Carbon monoxide, whuh is strongly 
adsorbed by copper, is a marked poison for the reaition between 
ethylene and hydrogen By suecessnelv redming the (piantities of 
carbon monoxide introduced into the reaction .system, I'ease hasshowm 
that the earlion monoxide molecules required to rendei the leaetion 
negligible under the conditions of the ex])eriment aie inurkedlv le,s.s 
than tlie number of hydrogen molecules ea|)able of being adsorbed by 
the copper catalyst This seems to be quantitative evidence that 
only a fraction of the eurfaci' w Inch is capable of ailsorbing the hv drogeii 
is capable of activating it sufficiently to promote reaction It la 
apparently quantitative confirmation of a suggestion of Armstrong 
and Hilditch '* and Kideal,® that an active catalyst is merely an average 
term expressing a surface on which a number of patciics of maximum 

' J Phy^Kal Chm , 1[>23, 27, 370 
» J Amer Chm Soc , 1923, 46. J106, 2235 

’ Amr Chtm iSec , Spring Meeting, 1924, Pease and Stowail, J Amer Chem Soe., 
1926, 47, 1236 

* Prana Farad Soc , 1922, 17, 070 
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activity occur, the greater part of the surface being of quite a low 
order of activity. 

Tile experiments of Maxted * on the poisoning of colloidal palladium 
for the hydrogenation of oleic acid had two similar conclusions. The 
falling of! in catalytic activity on the addition of lead is found to be 
in direct proportion to the amount of lead adsorbed, over a wide 
range correspomling with the poisoning of the patches of maximum 
activity. Hydrogenation })roee<'ds at a much slower rate on the less 
active portions to which the lead may be caused to adhere, but less 
strongly than on the active patches, thus necessitating a larger oon- 
Cf-ntration of Iciul .salt in solution. More iletailed study of these cases 
is iMM*ded, and examples should be multijilied. It vvouhl be desirable 
to have not only data on adsorptions of the ga.ses at various partial 
pressures, but also adsorptions of the. gases from mixtures. 

The work of Pease further indicates that from tlie study of poisons 
more niav Ix' learned with respect to the meehanism (»f activation 
aii<l of ad.sor[»ti()n. The work with mercury j»oisoning of tin* ro}q)er 
catalyst showed that the poisoning elTect was mo.st marked on the 
hydrogen and negligibly so on the ethyleiu*. This indicates that 
reaction vehMity is jirirnarily dependent on tin* actuation ol the 
hydrogen As the physical charaittoristics of the gas would suggest 
also, the slight influence of mercury poisoning on the ethylene adsorption 
tends to show that the adsorbed ethylene is largely jiresent in eondeiised 
films, not in surface-uniinoh'eular gas film complexes 

Progressive poisoning. If a catalyst .surfaet* is conij)os<*il of patches 
of varying activity it is evident that ])rogressive poisoning of tlio 
surface ought to he attainable. With small amounts of a suitable 
])oi.soii the more highly activating centres of the .surface will be rendered 
inactive. A reaction r<‘<|uiring high catalytic activity would cease after 
such poisoning, but one not rtMpiiring so active a (atalyst might pro- 
ceed. This phononienon seems to have he<'n realised in sevi'ral eases. 

One such case has been studieil by Vavon and llus.son *^ with the 
deliberate object of cstabh.shing the existence of progressive poisoning. 
The jKiisoning studied was that of |)latinum black by carbon di8ul|)hide. 
The authors sliowed that 5 grams of acetophenone in alcohol eontainiiig 
0*2 gram of platinum fixed 25 c.e. of hydrogen on the average in 
six minutes. After the addithui of 0*4 mg. of carbon disulphide no 
ad.sorption of hydrogen occurred. If, liowever, 1 gram of eye.lohexene 
was then added to the solution, liydrogim was again taken up, 25 o.c. 
being fixeil on the average in 4 minutes. In a second example a 
three-stage process of progressive poisoning was obtained. Five grms. 
of propyl ketone in 50 c.c. of glacial acetic acid containing 3 grins, of 
platinum showed a hydrogen adsorption of 25 c.c. in 4 minutes. 
The addition of 2*3 mg. of carbon disulpliide stopped the adsorption. 
If 2 grms. of piperonal were now added to the solution, hydrogen 
» J. Chtm. Soc., 1920 , 117 , 1801 ; 1921 , 119 , 1280 . * Compt. rtnd., 1922 , 175 . 277 . 
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absorpuon again commencea at a rate ot 25 c c in 3-5 minutes. Thfi 
further addition of 1-4 mg of carbon disulphide again caused the 
hydrogen absorption to cease The catalyst was still capable of some 
hydrogenation, for when 2 grms, of nitrobenzene were added to the 
solution the absorption of hydrogen again commenced, 25 c c being 
taken up on the average m J -75 minutes From this it may be concluded 
that nitrobenzene is readily reduced with practically inert catalysts 
propyl ketone needs an active catalyst. 

This behaviour is very reminiscent of the observations of Sabatier ^ 
with reference to hydrogenation of the benzene nucleus with nickel 
Sabatier showed that it required an active nickel catalyst, prtqiared 
by reduction at low temperatures, to effect the hydrogenation of the 
benzene nucleus. On tin' other hand, less active caUlysts, prepari'd 
at higher reduction temperatures, while incapable of effecting the 
hydrogenation of the benzene nucleus, were nevertheless (|Uife useful 
and cflicicnt in the hydrogenation of the single etliylenic boml The 
work of Gauger and Taylor,’^ alreaily cited, showed that the higln'r 
temperature of reduction resulted m a catalyst of lower adsorjitue 
capacity for hydrogen than one obtained by low temperature reduction 
The effect of heat treatment of a catalyst is, tln'refore, (juite analogous 
to the effect of poisoning I’ease confirmed this w'lth exiieriments 
both on the reaction velocity of hydrogenation ami the adsorptive 
capacity of cojiper for the gases hydrogen and ethylene I’ease writes 
“In the course of tin; experiments on the catahtio eombination of 
ethylene and hydrogen, the elfect on both catalytic, acticitv and 
adsorptive capacity of [lartially deactivating a copper ealal).st by 
lu'ating it to 45U” in a vacuum was determined The efiec t of de- 
activating this sample of copper by heating was in a general way 
similar to the effect of deactivating the sample by poisoning it with 
mercury, The curves have been moved over toward the pressure 
axis to nearly parallel positions, at tin* higher pn'ssures at h'ast 
The heating has, however, decreased the hydrogen adsorption relatively 
less than the poisoning and the ethylene adsorption lelatively more 
Thus, at one atmosphere, the decrease in hydrogi'ii adsorption amounts 
to 70 per cent, wdiile the docrea.se in etliyli'iio adsorption amounts to 
22 per cent These are to bo compared with decrease of 02 per cent 
[or hydrogen and 14 |)er cent for ethylene, caused by mercury poisoning 
riie absolute decreases at one atmosphere are 2 fit) for iiydrogen and 
1'95 for ethylene It will be seen that these figures ari' much more 
nearly of the same order than m the case of copper poisoned with 
mercury 

“ The decrease in catalytic activity in the ethylene-hydrogen 
combination accompanying these decreases m adsorption amounted 
to 85 per cent. Just as in the case of the poisoning by mercury, one 

* CiUali/fU m OrganK C'hmulry, l)ab«tior, trengUted by Roid (Van Nogtrand, 1923). 
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^8t go to very low pressures to find a corresponding decrease in I 
adsorption, indicating that it is the strong (low pressure) advsorption 
which is mainly responsible for catalytic activity.” 

Beneficial poisoning. — Since partial iwisoning may be secured, it 
is evidently possible that use may be made of it to achieve certain 
reactions whilst obviating others. A very obvious application is in 
the case wlierc a catal}i;ic process proceeds too far with an active 
catalyst. By minimising the activity of such a catalyst or poisoning 
the more highly reactive patches with the reipiisite poison, the reaction 
may bo stopped at the desired stage. Many investigations into the 
conditions necessary to secure a good yield of a d»*sired produet may, 
in reality, he unconscious applications of this procedure of b(*ru‘fieial 
poLsoniiig. An exani])lo suggestive of this may 1)0 (pioted 

Armstrong and Hilditeh ^ have shown tiiat in the eatalytic d<** 
hydritg(‘iiation of eth}’l alcohol in the presence of copjier. tlie presence 
of water in the alcohol improves the yield of acetaldehyde relative to 
that of hydrog«‘n. Thus, at d(Xi’ whereas anhydrous alcohol only 
gave an aldi'hydo-liydrogen ratio of 07 ])er emit, alcctliol containing 
8 per cent wat(‘r gave a 95 jier cent ratio. Witli tin' anhydrous 
alcohol, lliere is a marked increase in the yi<*ld of gaseous jirodiicts, 
principally methane, carbon monoxide, and i-arbon dioxide in addition 
to the hydrogen. It is evident that, with the anhydrous alcoliol, 
secondary decomposition of ahiehvde is much more pronounced than 
with alcohol containing water. Thus, methane and carbon monoxide 
result from tnie such secondary dccoinpo.sition : 


CTlgt'HO-XTI^ + (.'(). 

Evidently tin* water acts as a beneficial jioison in that it poisons the 
^’ataly.st for such secondary docomjiositions, which appan'iitly n'cpiire 
a IfirgtT energy of activation, in all probability as a re.sult of strong 
pri'ferential adsorption on the catalyst surface. Armstrong and 
Hilditch showed, by passing aldehyde vapour togf'thcr witli water 
over a copper catalyst, that the waier had a considerable jirotective 
influence on the aldehyd<!. 

The dehydrogenation of alcohol in the ])reHein*e of nickel occurs 
at lower temperatures than in the presence of coj)per, but the secondary 
decomposition is very high. The data of Armstrong and Hilditch show 
that dehydrogenation occurred at 250'’ The aldehyde-hydrogen 
ratio was only 35'7 per cent and the ovolved gas contained 60 jior cent 
hydrogen. 20 per cent carbon Aonoxide, and 15-17 per cent methane. 
Evidently, in this case, the 8 per cent of water in the alcohol used was 
not sufficient to protect the aldehyde produced. It would be interesting 
to extend this study of dehydrogenation with nickel in the presence of 
W’ate.r to see whether the secondary decomposition could be largely 
suppressed by increase of water content in the alcohol, since the low 

» Proc. Ro!f. Soc,, 1920, 97a, 262. 
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yields obtained with copper at the higher temperatures could b 
partially restored by such an increase in water content 

Palmer’s study ^ of this same reactiou in the presence of a coppe, 
catalyst indicatea that alcohol itself plays the same role as the water 
in the experiments already cited He showed that, below 300° C, 
the secondary jiroduets were negligible when the dehydration of alcohol 
occurs ; but, if a mixture of acetaldehyde and hydrogen is [lasscd over 
the copper catalyst between 250° and 3(X)° C , much of the aldehyde 
is dccomjiosed Bancroft has suggested^ that such cases might be 
called “ protective poisoning ” 

The same ]>rocedure was used during the years li>17 ID 11) foi the 
production of ethylene from alcohol in jireseiiee of kaolin Instead of 
a low temperature process, tlii' reaitioii was conducted at red lieat 
and the products were jirotectcd from decomposition bv using alcohol- 
water mixtures, even though the process was dehydration 

The researches of Uosenmiind, Zidsche, and Jleisc'^ have shown that 
partial poisoning may be nsi'd to attain new oigamt pr(‘}uirations and 
to manipulate a given reaction to yield viuioiis desircil end products 
Thus, if benzoyl chloride is dissolved in piiic benzene and then reduced 
by hydrogen in presence of colloidal palladium, practically no benz- 
aldehydo is produced Jf, instead of pure benzene, ordmarv beii/eiie be 
used, a good yiidd of benz.ildehyde is obtained This indicates the 
presence in ordinary benzene of a substance or substances which 
poisons the reduction of benzaldehyde to Ixmzyl ahohol That the 
poisoning 18 due to the sulphur eomjiounds in oidinary ben/ene seems 
probable from the fact that additions ot sulphurised organic compounds 
to pure benzene produced like ellects (Quinoline, (|uiiioline heated 
with sulphur giving an im|mre thio((uinanthr<‘iie, puiilied tliio- 
(|iiinaiithrene, xantlione, and dimethvlaniline were all em|)loved as 
beneticial poisons Thus, the addition of I mg of thioipimanthrene 
to a system contauuiig 2 grins ol lienzoyl chloride ,ind 0 7 grm of 
palladium in 10 c c of xylem*, gave a } leld of 7H per cent of bi'iizaldehyde 
when reduction was carried out at 150° (1 Impure tliioipimanthrene 
under the same circumstances gave a 90 per emit yield If, instead 
of the sulphurised (luinoline, 0-1 gim of distilled piimoline was added 
to the xylene, jiractically no benzaldehyde was obtained, reduction to 
the benzyl alcohol stage occurring Tlie addition of xantlione to the 
ri'actioii mixture promotes reaction between unchanged benzoyl 
chloride and benzyl alcohol with the formation of benzyl benzoate. 
This ester is tlie principal product when toluene is used as solvent 
in [ilaee of xylene. In toluene, reduction of benzyl benzoate by 
hydrogen to toluene and benzoic acid does not readily occur, whereas, 
in xylene, this further reduction occurs freely Thus, with palladium 
partially poisoned m a variety of ways, the reduction of benzoyl chloride 

‘ Proe Hon 13 * Fmt Report, Committn oi» Coniacl CalalyM 
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-by hydrogen may be directed to yield, in the main, one or other of the 
substances benzaldehyde, benzyl alcohol, benzyl benzoate, dibenzyl 
ether, or toluene, the product obtained being determined by the nature 
and amount of the added substance. 

Zetsche has extended the work to the catalytic dehydrogenation 
of aleohols, with aceompanying oxidatiod of the hydrogtm produced, 
by passage of air ^through the solution. Witli copper as a catalyst, 
the yield of benzaldehyde from benzyl alcohol dissolved in eymenc 
is inereasi'd when quinoline is added to the solution. Addition of 
nitrobenzene still further inereases the yield. There is a possibility 
that in this case there is a coupled eatalytic reaction, dehydrogenation 
of the alcohol and reduction of the nitro-compoiiud. Nickel and silver 
as catalysts are also more cttieient when (piinoline is present, but, with 
these metals, benzyl ether and resins are Jjrndueed. Much more 
detailed study of these cases is needed before a eomjdete understanding 
of till' particular metdiamsms can be attained. 

The vajKiur phase dehvdrogenali<ui of methyl alcohol to yield 
fornialdehyd<‘ is jirobably alM) an adtlitional ease in which bemdiidal 
poisoning may occur. As is well known there is a eonsiflerable tendency 
for tile tormaldelivde jirodueed to un<b‘rgo secondary ileeomposition 
to carbon monoxide and hydrogen. bov\ yields are fr'Mpient in the 
technical operation St(‘am may m this east* be used as a jirotective 
jioison 

Rate of adsorption and poisoning. In catalytic gas reactions the 
normal tiim* of contact of the tlowing gases with tin* eatalytic material 
is of short dnratifu,. Thus, m tin* ease of ammonia oxidation with a 
fdatinnm gauze catalyst, the time of contact is of the order of a 
hundredth of a second. With such l»rief pernxls of contact it is 
evident tliat any decrease in the rate of adsorjitioii will have a corre* 
sjKmdiiig elleet on tlie velocity of reaction.^ It is well known that 
tin* attainment of equilibrium in adsorption from a mixture of gases 
is marki'dly longer than from a single gas. It is evident, therefore, 
that the effect of catalyst poisons may In* due m ]>art t«» a reduction 
in the velocity with which .adsorption of the reacting Hubstane(‘s occurs. 
No exjierimeiital data on this jiuint an* availabh*. but certain figures 
in connection with charcoal adsorptioius give the idea some. su}>port. 
Harm'd ^ has shown that the rate of adsorption of ehloropierin by a 
charcoal the surface of which has been ch'ainnl by washing with 
ehloropierin, is much greater in the initial stagt^s of adsorption than is 
the case with a charcoal which has not been so cleaned, although the 
final equilibrium is apparently about the same in the two eases. Patrick 
and his co-workers ^ have shown that the hysteresis shown in the 
adsorjition curves of gases on silica gel is to be attributed to the influence 

^ Taylor, Trans. Amer. Kltcfroehem. Sac., 1919, S6, 149. 

* J. Amtr. Chetn. Soc., 1920, 42 , 872, 
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of gaaeoiis impurities on the velocity of adsorption of the gases beii 
Studied 

Poisoning and poison concentration.-~Thc data of Maxted, alreac 
3ited (p. 133), show a linear proportionality over a considerable ranj 
'or gaseous poisons adsorbed on the catalysts from gases contaiiiin 
small amounts of gaseous fioisoii These results are readily undei 
standable, since, for very low gas pressures, the adsorption of a gas i 
' essentially proportional to the gas pressure 

fu those cases in which the poison concentration attains mud 
higher values such simpJi' relations will not hold Thus, in tin 
experiments of Ilodenstein and Fmk, the velocity of siiljihur tnoxidc 
formation from sulphur dioxide and oxygen vanes inversely as the 
sijuare root of the sulphur trioxide concentration In the reaction of 
3arhon monoxide-air mixtures at quartz surfaces the ri'actioii velocity 
8 inversely proportional to the carbon monoxide coneentratioti 
jangrnuir has shown '■ that special considi'rations as to the spaces 
iccupied on the surfaci' by the several gases may be adduced to 
ndicate the observed reaiitiori mechanism In general, the reaction 
mechanism is determined by the distribution of the reactanls and 
poisons between the gas phase and the snrfaoc layiT of the eontact 
mass. This distribution will be by no means constant as to the 
distribution of the [lonson with wide variations in the reactant con- 
centrations Hence, a varying reaction kiru'tics for one and the same 
reaction at different stages of the process in jireserice of a jioi.son can 
be anticipatc'd The data of lUulcnstcin and his co-workcrs on the* 
kinetics of heterogeneous reactions give abutulaiit illiist rations of this 
fact, 'riie distribution between the gas phase and the surface may 
also be miiueiiced by the nature of the siirbicc, its coiuentration of 
active patche.s This leads to the intriguing possibility that, by 
suitable preparation of the* catalyst surface, the deleterious effect of 
poison, s may be minimised, a result winch would have consideiablc 
technical iniportaiic’e 

Poisoning and temperature. -Since temporary [loisoning is generally 
duo to ailsorptiou on the surface of the catalyst, and since adsorption 
is, in general, an exothermic process, it is evident that, with ruse in 
' temperature, the fraction of the surface which is covered with poison 
at any given partial pressure of the poison will decrease The catalytic 
efficiency of the surface* will therefore increase at a greater rate than is 
the case if no poisoning is present For, in addition to the normal 
increase in reaction velocity with temperature, there will be the increase 
cduo to increase in available surface The temperature coefficient of 
a catalytic reaction poisoned by a temporary poison will, therefore, 
be larger than that of the normal catalytic reaction This point has 
been indicated by W C. McC. Lewis ^ It holds true whether the 
resultants of the reaction or a body foreign to the reaction is the 
1 J. Amtr. Chm. Soc , 1»10, S8, 2203 CImi. Soc, 1919 ts* isi 



poisoning constituent, provided the poisoning is attribut-able tct a’ 
reversible adsorption. If one of the reactants is responsible fur the 
poisoning effect, the variation of reaction velocity with temperature 
will depend on the extent to which the surface is covered with the 
reactant poison. With the active surface almost completely covered 
with this poison a high temperature coefficient will result. As the 
temperature rises and the surface covered by poison becomes less and 
less, the conditions will change towards a state in which tlie a<lsorhed 
poison b('haves more aiid more a.s an ordinary constituent of the reaction 
proces,s -it ceases to be a poison. 

There are few quantitative measurements which can be cited in 
support of these observatiojis ; there are, liowever, numerous (juslitativc 
observations wdiith substantiate the conclu.sions. Tims, the inhibitory 
influence of wat(‘r vapour, oxygen, and car})()n monoxide on the 
synthesis of ammonia from its elements in contact with iron catalysts 
becomes jwgressively less important as the h'mja'rature rises. 
Dougherty and Taylor ^ showed that the poisoning eilecl of carbon 
monoxide on the vapour phase hydrogenation of benzene in presence 
of nickel was pronounced at 1(H/ (\, but became less effective as the 
temperature was raised, 

[’ennanent jtoisons, .since tln'y <-ompletely <lestroy ilie catalytic 
aoti\ity of the surface tlu'v cover, do not jiroduce any abnormality 
in the temperature coefficient. Tlnnr effect is to decn'asi' the extent 
of surface, to a degree inde])endent of the tempi'ratun* of o]>eration 
of tiie catalyst. 

Poisoning and apparent equilibria. -Bancroft has ])oinfed out ^ 
that, in the case of a rt*action jioisoned by one of the jirodncts, the 
apparent equilibrium attained will depend on the (piantity of catalytic 
agent employt'd. If there is a large exces.s of catalytic agent, the 
reaction will run to an end or true equilibrium before the catalyst is 
entirely poi.sone<l. If, on the other hand, there is only a small amount 
of catal^^ic agent it will very soon be poisoned and W(‘ shall have an 
apparent equilibrium reached from only one side, whicli will vary with 
the amount of cataly.si used. As an example of such a case, Bancroft 
cites the work of Neilson ^ on the .sjditting of salicm and amygdalin 
by platinum black. In the former case the salicylic acid jiroduced, 
and, in the latter case, the hydrocyanic acid })rodHced, are toxic to the 
platinum. If means were taken to ensure removal of the hydrocyanic 
acid formed, Neilson found that the splitting of the amygdalin proceeded 
further than in the absence of such precautions. 

This effect of poisons on equilibrium should be quite marked with 
enzyme catalysts. In such cases there is the possibility that not only 
adsorption of poisons may occur but also agglomeration of the enzymes 

» J. Physical Chem., 1923. 27, 648. 
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aa a result of the action of reaction products Apparent equilibria will 
result dependent on the amount of enzyme used Tins has already 
been observed ^ 


Tiij5 Inhibition of IIomooeneoits CiiEMirAL Reactions 

Catalysis is concerned, in the main, with the acceleration of re- 
actions occurring with diminution of free energy The catalyst may be 
distributed moleciilarly in a homogeneous reaction system or it may be 
an interface in a heterogeneous system J ii the latter case, t he catalytic 
cUlciency of the surfaces may, as we have shown, be dimiiiislied by the 
effect of poisons concentrati'd thereon In homogeneous systems, 
where tlu' catalyst is moleciilarly dispersed, a retardation sulfcred by 
the reaction system is not usually regarded as a (iise of jimsoiung, 
though the effect produced may, as we shall see, involvi* a meehanism 
very similar to that involved in the poisoning of an aetivi' centre in a 
licti'rogeneoiisly distributed catalyst It has been usual to eliaraeterise 
such cases of retardation in liomngeiicoiis reactions by tlu' term 
"negative catalysis" For several rea.sons the term is not very 
suitable and it .seems preferalile to group the many iilienomena im hided 
in the study under the more inclusive tilh*, inhibition of homogeneous 
chemical reactions 

Catalytic reactions occur when the change from an initial .set of 
reactants to a final set of resultants occurs more readily in presence 
of the eutHly.st than iii its absence In bomogeneoiis systems it lias 
been shown that thi.s neces.sarily involves some assonatioii b(‘tween 
reactants (A) and catalyst (C), whereby the products (B) re.siilt more 
reailily from the associated complex or compound (A (') than from 
the reactants (A) alone The case strictly parallel to tins invohing 
retardation, im()liea an association between A and C sueb that the pro- 
duct R is less ri'adily produced If the association assumed involved a 
very eonsulerable diminnfion in the active ma,ss of A, it is evident that 
a retardation would result It is evident, however, that this is by no 
means the only way in which retardation of reaction may occur If 
the reaction A to B bo catalysed by the presence of a powerful catalyst 
X, then the addition of anything which will decrease the concentration 
of X in the reacting system will effect a retardation of the observed 
reaction process. It has been shown also m the discussion of the energy 
of activation of clieiiucal processes (Chapter III.) that the possibility 
exists of the energy produced by chemical reaction being transferred 
in some manner or other to reactant molecules, thereby activating them 
and causing a sequence or chain of reactions Any substance, added 
to a reaction system in whioli such a chain mechanism is possible, 

‘ Tammsiin, ZotxA phynkal Vkm , 1896. 18. 426 . Kastio and Loevgiihart, Amer Chtm, 
J . 1900, S4, 491 , Bancroft, J HyiUxil Ohm , 1918, 83, 39 
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and causing the length of the chains which occur to be shortened, \^ill 
effect a retanlatiou of the reaction velocity. It is with a variety of 
retarded chemical processes, involving one or other mechanism sucli 
as those just outlined, that the present section on the inhibition of 
homogeneous chemical reactions will deal. 

Historical. -TJiough less assiduously studied, examples of inhibition 
have been n'cogniscMl almost as long as examples of catalytic acceleration. 
Thenard,^ in his investigationsof hydrogen peroxide, found hot hcatalysts 
and inhibitors for the decimijmsition of this siib.stance. He showed that 
the peroxide was stable in acids, but underwent rapid tliermal do 
com})osition in presence of alkalis. The inhibitory power of oxygen 
on the photoehemieal combination of hy<lrogen and chlorine was early 
asecTtained and ree<‘ived <|uantitative study in (he elassieal researches 
of Unn.s«‘n and Koscoe.^ It will be shown that this is one of many 
sucfi inhibitions of photoehemieal proe<*s,ses, inchuling the inhibition 
of the photochemical decomposition of hydrogen jieroxide. The study 
of reaction kinetics in the early days of the dfvelojuiK'nt of physical 
chemistry provided nunierons <‘xamph‘.s of inhibition suseeptible to 
qiiarilitutive study. The iniinence, on the hydrolytic activity of weak 
acids, of neutral salts having a common anion was a very striking 
example' of the inhibition of a eataly.scd reaction TIk* n searches of 
Muller^ on tin' inhibitory power of hyelrobromic acid in the hydrolytic 
decomjiosition of bromo-succinn* acid provided a good example of auto* 
inhibition or auto-retardation The r«*searcln'S of Higelow * on the 
inhibitory peover of sucli .^^bstanccs as mannite, ben/.ald(*hyde, and 
benzyl ah'ohol on the rate of oxidation of sodium sulpliite, solutions 
by dissolved oxygen initiat<-il quantitative invi'stigations of the 
inhibitory jiower displayed in a wiile variety of autoxidation proce.sses. 
It is in the jirevention of autoxidation and in the }»reservation of 
hydrogen pero.xide that the principal technical ap])lications of inhibition 
have been made. Water has been shown to function as inhibitor in a 
number of reactions occurring in non-aqueons solvents, Bredig and 
Lichty^ investigated the retarded (h'composition of oxalic acid in 
concentrated sulphuric acid solutions when minute amount. s of water 
are added Water similarly inhibits the conversion of aeetophenoxirne 
to acetanilide in sulphuric arid solutions,^’ an<l also the decomposition 
of triethvl sulphine bromide’ in acetone and aei'tic acid solutions. 
The most important example, however, of the inhibitory power of 
water is in its action on the esterification of organic acids in alcoholic 
solutions, as investigated by Goldschmidt and his co-workers® and by 

^ Chnn. Phvs.. 1818, 9. .114. 

* Pogg. .Inn., ISiW, tMi ; 1857, 100; 18.>7, lOl ; IS-W. 108. 

» ZeU^J, phyM. Chem., 1902, 41, 481. * phyM. 1801, 12, 329. 

* Ztitwh. F.kkirtxh«m.. llKXi, 12, 450; ./. PhyM Chnn., 1907, 11, 2.'i6. 

* I..gbry do Bruvn and SluiU^r, Proe.. Akad. Wdenschap AmM., 1904, 6, 773. 

* V. HallMiQ, Ztiiich. phyM. Chrm., 1909. 67, 129. 

* Ber., 1895, 28, 3218 , ioOG, 39, 711 ; EkktrocMm., 1906, 12, 432. 



'Lapworth and his students,^ In the decomposition of diazo-esiers la’ 
alcohol,* water is also an inhibitor 

Classification. — It is difficult, m the absence of any well-defined 
body of scientific opinion as to the precise mechanism of inhibitory, 
action, to adopt a completely satisfactory classification of inhibited 
reactions. Tentatively, however, it seems desirable to base a system 
of classification on the several mechanisms which have already been" 
offered in explanation of the pbenomcna, and to discuss the more 
important indivulual examples of eaeh ty|;)e in some didail The 
inhibited reactions may be discussed under the followini:; headings 

(«) Reactions inhibited by reduction of the concentration of a 
])03itivc catalyst 

(6) Reactions iidiibited by reduction of the concentration of a 
reacting constituent 

(c) fieaciions inhibited by diminution of a chain of reactions in 
winch activating energy is produced 

It will not be possiiilc in every ease to assign a given inlnbition ' 
with certainty to one or other of those classes Other elassi's of 
inhibition may also be reciuired Exp<‘riniental work is needed before 
such can be accomplished 

Reactions inhibited by reduction of the concentration of a positive 
catalyst. —This class was formerly the most important class of inliilnted 
reactions ft was (l(“(init('ly establislied liy the work of Titoff * on the 
rate of oxidation of sodium sulphite solutions by dissolved oxygen, 
Ifigelow ^ and Young ^ had shown that a bewildering variety of chemical 
agents diminished the rate of oxidation of such substances Titoff 
was able to show that the presence of (‘Xtiemely minute amounts of 
toreign substances, for oxarajile molar cojipcr siilpliate, was 

sulficient to produce a perceptible acceleration of the rate of oxidation 
of such solutions Luther is credited by Titotl witii the coneliisioif, 
from a quantitative study made by tlie latter, that the function of 
the inhibitor was to suppress these powerful positive catalysts and so 
retard reaction Titotf found that the rate of reaction wa.s inversely 
proportional to the concentration of inhibitor, I He attributed this to 
the formation with the catalyst, 0, of an inert com[)lex, IC, whence, 
by the law of mass action, for the jirocoss . 


i+c:^tic, 


LCJ=A'' 




[I]' 


The square brackets denote concentrations, and K is tlie mass action 


' J Chem So( , 1908, 93, 3107, 2187 
Brodig and Fraiikci, Zetlsch phy,nkd Chm , 1907, 80, 202 
’ Zetlock physxk^U. Vhtm, 1903. «, Oil 
* ZeilicA phynkd Vhem , 1893, 28 , 493 
» J. diacr C'Aem Soc , 1901, 23 , UO, 460 ; 1902, 24 , 297. 




'> constant. If the measured rate of reaction be proportional to [C] it ' 
fICI 

will also be proportional to , and, therefore, inversely as [I] so 

' long as [CJ is small compared with [I], or, alternatively, so long as the 
; concentration of complex [IC] is relatively large, for then [ICJ can be 
regarded as constant. 

Titoff found in the enormous sensitivity of reactions to minute 
■ amounts of accelerating catalysts a ready exjdanation for the extremely 
small amounts of inhibitors which were found, in the studies of Bigelow, 
Young, and Titoff, to he adequate for the inhibition of reaction. 
Titolf's explanation became, consequently, the most quoted explana- 
tion of inhibition. While it is undoubtedly true that such a mechanism 
will yield the observed inhibitory reaction, it is also certain that 
Titolf’s explanation may not be the only reason for inhibitory action 
even in the particular case of sodium sulphite oxidation ; nor is it the 
only explanation for the minute amounts of inhibitor required. It 
will bo .shown in other sections that further possibilities exist. Such 
possibilities might even be forecast from tin* variety of inhibitors found 
for the reaction. On Titoff ‘s view, one would be compelled to assume 
a very varied series of com])Iexos between the active catalyst, say the 
cojjpcr ion, and the inhibitors studied. 

Tli(' inhibitory power of water in the esterification of acids in 
alcoholic solutions and in the decomposition of diazo-esters in alcoholic 
solutions, as well as the well-known action of neutral salts of weak 


organic acids on the hydrolysis of esters in aqiu'ous solutions in presence 
of th<* (!orresponding weak organic acids, probably all represent complex 
cas(‘s of the Titolf typo of inhibition. In these reactions tlie hydrogen 
ion, in one or other form, either non-hydrated (Lapworth) or alcoholated 
{Goldschmidt), is a positive catalyst for the reaction. The changes in 
ionisation and in the extent of hydration or solvation duo to the 
addition of the inhibitor are the complex factors in these cases. They 
are dealt with in detail in appropriate sections of this book.^ 

The inliibitory power of water on the decomposition of oxalic acid 
in concentrated sulphuric acid solutions ^ and on the conversion of 
acetophenoxime to acetanilide^ in th(* same .solvent, may also be 
attributed to the removal of a positive catalyst, in this case sulphur 
trioxidc, from the solution by interaction with the added water. The 
former of these two cases has been particularly well examined from 
the standpoint of reaction kinetics. This mechanism of inhibition is 
in agreement with the observation that when 0-05 per cent of water 
c’is added at 25° C. the time, required to secure the decomposition of 
oxalic acid increases to over sixfold of that required when no water 
has been added, and that when the amount of water reaches Od per 


1 Sefi p, 160 et stq. 

* Birdig and l^chty, Zeitxh. EUMrochem., 1906, 12, 450 ; J. Physical CAm., 1907, 11, 255. 
^ Lobry de Bruyn and Sluiter, Proc, Ahad, Anut., 1907, 6 , 773. 



cent the time is increased ’nineteenfold.’ It is also in agreement with’ 
the influence of temperature on the inhibitory power, this decreasing 
as the temperature rises, and is also in agreement with the abnormal, 
temperature coefficient of the reaction, 4-42 at 2,5° C and 3-35 in the 
interval 70°-80° C This high coefficient is to be attributed to the 
]oint operation of two factors, the increase of the concentration of 
3 O 3 catalyst with increase of temperature and the ordinary increase 
in efficiency of the catalyst with temperature Bredig and Lichty 
showed that alkali sulphates also retard the decomposition Since 
these form double compounds with sulphuric acid they would also tend 
to suppress sulphur trioxide in the acid .solution 

All ^ of these facts arc in agreement with the assumption that the 
inhibition is attributable to compound formation between activated 
molecules of sulphuric acid and the water molecules as an alternative 
reaction to compound formation between the active suljihuric acid 
molecules and oxalic acid, which may be regarded as the preliminary ' 
stage in the oxalic acid decomposition The alkali sulphate would 
behave similarly Making use of compound formation as a criterion 
of inhibitory power, Taylor found ^ that acetic acid and dinu'thyl 
pyrone both behaved as inhibitors of oxalic acid decomposition If 
this mechanism were the correct one, the inhibitions would fall among 
those in which the reactant rather than the catalyst was removed by 
the inhibitor That tlie function of the water miglit be the removal 
of catalytic suljihur tnoxide appears more probable to Christiansen,® 
who points out that it is supported by the observation tliat decomposi- 
tion of oxalic acid is very rapid in sulphunc acid to which sulphur 
tnoxide has been added 

A recent research by Whitford* on the decomposition of malic 
acid in sulphuric acid solutions, and a comparison of the results obtained 
with the earlier work of Ciclity on oxalic acid and the researches of 
Scliiori! ® on formic acid, lends some support to Taylor’s tlieory 
Sodium, potassium, and silver sulphates, water, dimethyl pyrone, and 
acetic acid are all found to exert an inhibitory action in the order 
which the mechanism of compound formation would foreca.st , that is 
to say, it IS greatest with the sulphates and least with acetic mud. 
Sulphur tnoxide in small concentrations has no effect , in large con- 
centrations it inhibits the reaction, both results contrary to what one 
would expect on Christiansen’s view that the activity of sulplmnc 
acid is to be attributed to its sulphur tnoxide concentration. The 
relative effect of water on the rate of decomposition of oxalic, malic, 
and formic acids in sulphuric acid is also m agreeipent with the theory, 
being most marked with the strongest acid, oxalic acid, and least 
with formic acid Furthermore, as with oxalic acid, the temperature 

^ J, Phyntal ClKm., 1923, 87, 322. • tJnpublWied expenmente 

> J. PAysical Chm , 1924 , 88. 146 . ‘ J Anuir. Chm Soc , 1925 , 47, 963 . 

* J y4fl«sf C\m Soc„ 1923, 4S, 447. 



w tuc reaction rate is abnonnally large, the average value 
^heing 3*72 for a ten-degree interval from 20* to 50*. 

Reactions inhibited by reduction o! the concentration of a reacting 
constituent. — It is quite possible to formulate a series of general cases 
in which inhibitions by reduction of the concentration of a reactant 
shall occur. Thus, for example, in any reaction in which one of the 
actual reactants in the process is the ion of an electrolyte, the un- 
dissociated electrolyte being either non-reactive or of a lower order of 
activity than the ion, inhibition will occur whenever any substance is 
added to the reaction system which represses the dissociation of the 
electrolyte whose ion is reactive. Conversely, in any reaction in which 
the undissociated electrolyte is more reactive than its ions, inhibition 
will occur when, to the reaction system, substances are added which 
will increase the dissociation of the electrolyte. If in a reaction of 
either type just discussed, the inliibitor re.sults from the reaction, the 
system will show auto-inhibition or auto-retardation. Examples of 
these several types are well known and have been comprehensively 
studied with respect to reaction kinetics. 

Muller ’ studied the inhibitory action of hydrobromie acid on the 
hydrolysis of brorno-succinic acid. Since, the hydrogen bromide results 
from the hydrolytic proces.s, this represents an example of auto- 
; inhihition. Muller showed that the equation 

. /I jti-x 

ax at - k 

X 

7 more nearly represented the effect of the concentration, x, of the 
inhibitor, on the rate of reaction, than does an ecpiation formulated by 
Ostwald for an auto-inhibited process : 

dxldt^h^{a'- x)-l\x(a- x). 

That this expression of 0.stwald cannot be generally applicable is evident 
, from the observation that, with certain values for and k^, the value 
of dx/dt would change sign; that is, the reaction become zero, or would 
even reverse itself — which has never been observed, 

Sonter and Porter,^ dealing with the influence of the hydrogen 
' halides on the hydrolysis of the several halogen a<hdH of acetic, propionic, 
and butyric acids, with the inhibitory action of nitric acid on the 
reaction between bromo -substituted aliphatic acids and silver nitrate 
Jn alcoholic solutions, and with the problem of inhibition in general, 
; showed that the term involving the inhibitor concentration normally 
appeared in the denominator. They showed that, in the reactions 
of the halogen-substituted acids with water, both the undiSsociated 
. molecule and the anion of the acid undergo hydrolysis at rates definite 
distinct for each acid and each ion. Retardation is produced by 
;|he halogen acid formed, in those cases in which the rate of hydrolysis 
» Zeiisch. phyaUcal. Ch«m., 1902 , 41 , 483 . * J. Chem. $ 06 ., 1911 , 99 . 1049 . 
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of the ion if3 faster than that of the undissociated molecule This is 
Ihe case, for example, with bromo-propionic anion and acid The 
inhibition is, therefore, due to the function of the stronp; hydrogen 
halide in altering the relative ratios of the more active anion and the 
less active molecule of the weak acid They developed the mathematical 
eijiiations expressing this explanation and showed that the con- 
centration of inhibitor appeared in the denominator of the equations, 
in agreement with their experimental observations 

The inhibitory power of water on the velocity of decomposition 
of triethyl siilphme bromide in acetone and to a less degree in acetic 
acid solutions, may be explained on the assumption that the addition 
of water increases the dissociation of the bromide m the solvent. If 
the undissociated molecule alone undergoes decomposition, then the 
mechanism of the inhibitory power is manifest This assumption 
should be tested Furthermore, it should be noted that this reaction 
also shows a high temperature coefficient of 3 per 10° rise in temperature 
with a water com ontration as high as 6-7 jier cent The reaction also 
shows an exponential increase in the effect of the concentration of water 
on the reaction velocity. These observations must be accounted for 
in a completely satisfactory explanation of this inhibition 

A well-known case of inhibition, namely the inhibitory power of 
hydrogen bromide and of iodine, on the thermal and the jihotocheinical 
combination of hydrogen and bromine, first studied in detail by 
Bodenstcin and Lind,^ has recently been elucidated It furnishes a 
further example of a reaction inhibited by diminution of tlu' con- 
centration of one of the reacting spei les Bodenstcin niul Bind showed 
by n study of the kinetics of the thermal combination that the rate 
of formation of hydrogen bromide could be represented by an oijuation 
of the form 

42HBr 1 ^[Ha]\/p^ 

dt “ '[mRT]' 

”^+ Td r 
LBral 

where the square brackets indicate concentrations of the several 
reacting species The form of the equation clearly shows the inhibitory 
influence of the hydrogen bromide formed The explanation of this 
singular equation was suggested, approximately simultaneously, by 
Christiansen,^ Polanyi,^ and Herzfeld^ These three investigators 
assumed that the initial action was a dissociation of bromine into 
atoms : 

Brj==2Br. . . . (i.) 

1 Znixh. phi/itkal. Chrm , 1906, 67. 168. 

3 Dantk Vul, Math Phiji Mtdd, 1910, 1, H. 

’ Zt^tsch ElfMroahm,, 1920, 26 , fiO 

* ZettKh Eltkimktn, 1910, 26, 301 , Ann. Phystk, 1019(4), 59, 635 
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By collision of such a bromine atom with a hydrogen molecule, reaction 
occurred occasionally thus : t 

Hg + Br-HBr + H (ii.) 

The resulting hydrogen atoms could disappear in two ways ; 

' H + Br2 = HBr + Br .... (hi.) 
and H + HBr^Hg + Br. . . (iv.) 


Finally, the bromine atoms, which would otherwise accumulate and 
produce an ever increasing reaction velocity, must maintain themselves 
in a stationary state by reason of the reverse reaction to (i.) 

‘2Br- Br. 2 . 

Such a secpienco of reactions gives a kinetic equation of the form 
obtained by Bodenstein and Lind. On this basis, the inhibitory power 
of the hydrogen bromide is to be attributed to its ca})acity to remove 
hydrogen atoms .from the reaction system, tluise hydrogen atoms being 
producers of hydrogen bromide by reaction (iii ). The inhibitory 
power of iodine is similarly explained as due to the reaction 

H + Io-HUI, 

the iodine atoms being too inert to bring about reactions similar to 
those between bromine atoms and hydrogen. 

This theory of the mechanism of the inhibitory action of hydrogen 
bromide and iodine, together with th(‘ observation of light sensitivity 
of th(f hydrogen-bromine reaction at higher tem]>erature8. has led 
Boder)8teiii and his co-workers ^ to renewed study of the reaction 
process. The interesting conclusion from this work is tliat bromine 
atoms are by no moans so reactive as has been j)ostulated in recent 
theories of reaction mechanism. Bodenstein and Liitkerneyer ^ con- 
clude that only 1*25 per thousand of the colli.sions between bromine 
atoms result in the formation of bromine molecules. 

Reactions involving a chain mechanism and showing inhibition 
phenomena. — The hydrogen-chhrine comhinatwn - The. photochemical , 
combination of hydrogen and chlorine is the bc.st known example of 
this class of phenomena. As has long been known, the photo-reaction 
of the two gases is enormously sensitive to traces of imf)iiritics. In 
this respect ammonia and nitrogenous organic bodies are especially 
powerful inhibitors of reaction. Special precautions to remove such 
impurities are necessary if a sensitive reaction mixture is to be , 
obtained.* Oxygen, however, forms a very efficient inhibitor of the ' 

» ZettMJi. Ekktrochem., 1924, 30, 416 ; Zeitsch. phystkal. Chem., 1924, 114 , 208. " 

‘ * Zeiiach. phyatkal. Chem., 1924, 114 , 208. j 

* Seo Chapman and Burgewi; Chapman and MaoMahon, J. Chem. Soc„ 1906, 89, 1402^ 
1909, 97, 846; or, for a conciac aummary. Treatise on Physical Chemistry, chap, xviii. pp. , 

■ 1218-1228 (Macmillan k Ca, 1924). 



|60 ’MEySIS m THEORt‘MM® 

reaction, and its influence has been studied kineticafly by several 
/ workers since the original classical investigations of Bunsen and Roscoe ^ 
It has been shown that the rate of the hydrogen-chlorine combination 
is approximately inversely proportional to the amount of oxygen present 
in the reaction mixture 

By comparing: the light energy absorbed by the system with the 
chemical energy produced as a result of the light absorption, Bodensteio 
showed, “ in 1913, that there was an enormous divergence between the 
two quantities in a sensitive gas mixture Thus, Eodenstcin calculated 
that, in his most sensitive mixture, for every quantum (h) of light 
energy absorbed, as many as 10® molecules of chlorine were caused 
to react This large divergence from expectations based upon 
Einstein’s Law of the Photochemical Equivalent,® according to which 
there should be equivalence, in pure photo-reactions, between light 
energy absorbed and chemical energy produced, led to a number of- 
theories^ to account lor the excessive amount of reaction produced 
by the light Of these, the most pojuilar has been that ot Nernst, 
which, although far from being completely satisfactory as an ex- 
planation of all the facts of the pliotochemical combination of hydrogen 
and chlorine,® nevertheless illustrates well the idea of a chain of reactions 
and has led to a more detailed study of reactions, which deviate widely 
from the Einstein Law of the Photochemical Equivalent Nernst 
assumed that the initial absorption of light resulted m a dissociation 
of a chlorine molecule into atoms ' 

CU/m=2(:i 

These chlorine atoms wore then able to (mter a series or chain ol 
reactions, each reaction occurring with fn'o energy decrease and 
therefore spontaneous, whereby, m each, hydrogen chloride and either 
hydrogen or chlorine atoms were produced 

Cl + Ha = HCl4H, 

H + C% = 1101-1 Cl 

Such reactions continued until the hydrogen and chlorine atoms were 
lost cither by recombination with each other or in some other manner. 

It IS easy to show that such a raechamsm cannot have general 
applicability. It breaks down, for example, when we come to consider 
various other halogenatioii processes m which a similar disparity exists 

1 See, lor example, J CWem Soc, IW, 97, 845, 1919, 115, 1264, 1923, 123, 3062, 
Ztmh phyM Vhctn , 1913. 85, 297 

•’ZeifcwA phystkal CAew* , 1913, 86, 361. 

» Ann Physik, 1912, 37, 832, terh Deal PhyM (lea, 1916, 18. 316. 

‘ ZfUaeh. SkJetnehm, 1916, 22, 68, 1918, 34, 336, XwtecA phyatM Chm , 1913, 85, 
351 , 1923, 104, 426; fier. 1923, 58, 696 

® See Tre/Utse on Phynoal Chemutry, chap xvui p 1226 (D van Noetrand Co., New 
York, 1924 , Macmillan & Co , London, 1926). 



TjetWeen ligHt energy absorbed and chemical energy produced. It ' 
would be (hfficult to devise analogous chain systems to the above for'*’' 
the reactions between carbon monoxide and chlorine, methane and 
chlorine, xylene and bromine, in all of which, however, marked devia- 
tions from the law of the photochemical equivalent occur and which 
also show great sensitivity to the presence of inhibitors. The existence 
of such deviations from photo-equivalence demands, however, some 
mechanism of reaction whereby initial photo-process is succeeded by 
El very large number of spontaneous processes, the activating energy > 
for which must come from the reaction energy produced in the processes 
set in motion by the original photo-reaction. The nature of the 
energy transfer involved and the steps by which it is achieved are, at 
> the moment, quite unexplained. The problem involved forms a most 
imjiortant phase of our study of the mechanism of chemical change. 

It is more important and more complex by reason of the fact that such 
a succession of reactions can be disturbed or diminished by the presence > 
of small quantities of inhibitors. In the succeeding paragraphs 
examples will be multiplied of reactions which involve some type of 
chain mechanism and show also the phenomenon of inhibition. 

Ill the case of the hydrogen-chlorine combination it is known that 
the nitrogen-containing organic inhibitors are consumed in the course 
of the reaction. Their effect, therefore, progressively decreases as the 
reaction proceeds, and it is to the presence of such bodies that the 
well-known ])henomenon of the induction period in photo-halogenations 
is to bo ascribed.^ As regards the function of oxygen in the inhibition 
of the hydrogen-chlorine combination, Weigert ^ and more recently 
Rideal and Norrish ^ have shown that clilorino sensitises the reaction 
between hydrogen and oxygen to visible light, and that oxygen is 
removed from the reaction mixture as water va})our. The reaction ’ 

, velocity is proportional to both the chlorine and the oxygen concentra- 
tion, so that it seems that the excited chlorine molecule transfers its 
energy by collision to an oxygen molecule, rendering it reactive thereby. 
With regard to the traces of oxygen normally present in the mixtures 
' used in the studies dl the hydrogen-chlorine combination, no special 
experiments have been made to ascertain what products result from 
' their presence nor the mechanism of their inhibitory action. Boden- 
steiii ^ assumed that the oxygen was, in some manner, maintained at 
constant concentration throughout the reaction. This point requires 
further study in view of the above study with higher concentrations I” 
of oxygen. The presence of oxygen, however, even in small con- 
centrations, decreases the length of the chain reactions initiated by the 
absorbed light, and, as far as present data show, to an extent pro- 
^rtional to its concentration in the hydrogen-chlorine mixture. 

’ 1 Chapman and co-workem, J. Ckem. Soc., 1900, 89, 1402 ; 1909, 97, 845. See alw, 

, hoirover, Baly and Barker, J. Chem. Soc., 1921, 119 , 663. 

\ » Ann. Physik, 1907 (4;, 24 , M, 243, 

»5' fy. jSoo,, 1926, 127 , 787. ^ * SIMmA. phytUtal. Chem., 1924, iti, m, \ 
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i further insight into the mechanism by which chain reactions are' 
stopped by inhibitors present in small concentrations has been gained 
by tlip investigations of Weigert, Coehn and Jung, and Norrisli (see 
ante, p 151) on the hydrogen - chlonne reaction The hydrogen- 
chlorine mixture is only sensitive to visible light m the presence of 
minute amounts of water vapour The experiments of Norrish indicate 
that the photo-sensitive reactant is a chlorine water complex , this 
complex when excited by absorption of radiation is chemically reactive 
in starting chains This may be due cither to an enhanced stability 
or life of an excited chlorine molecule or to the direct formation of 
tiydrogen chloride according to the reaction OljH^O + Hj- — >2HC1 f 
F iirther experiments are required to elucidate this point In the jiresenco 
of inhibitors such as ammonia the free water is removed, and on excita- 
tion of the remaining chlorine reaction with ammonu takes ])lacc; 
thus inhibition results by stopping the chains from commencing, 
not from breaking a chain which has already been started 

The inhibition oj hydrogen - peroxide decomposition — - Tin' de- 
comimsition which solutions of hydrogen pi-roxide undergo both 
thermally and ])hotochcmically can be inhibited by suitable additions 
of selected substances Acids of all kinds, salts such as sodium and 
calcium chlorides, sodiiirn pyro])ho8phate, magnesium silicate, alcohols, 
glycerol, ether, esters, naphthalene, amines, phenols, acetamluh', are 
typical agents of inhibition ‘ The last-named substance has found a 
considerable technical application for this purpose and possesses a dual 
eiriciency both for the thermal and the photochemical decomposition 
This dual efficiency is not always obtained The presence of alkalis 
markedly accelerates the thermal decomposition and inhibits the 
photochemical decomposition, a factor which is not yet satisfactorily 
explained 

The photochemical studies of i.he decomposition process have 
provided the experimental indication that the reaction in question 
has some type of chain mechanism llenri and Wii rinser - ahow'ed 
that the light absorption was weak, and that as many as KX) molecules 
of the peroxide are deconqiosed for every quantum of light energy 
absorbed This conclusion has been verified by Kornfeld ^ using 
monochromatic illumination and exact methods of energy absorption 
measurements Her results show that the actual number of molecules 
decomposed per unit of energy absorbed increases with increasing 
concentration. In solutions 0'016 normal with respect to peroxidi', 
twenty-four molecules decomposed per quantum. In 0 05 normal 

’ For a summary of the pboloohcraicM literature nee Aiidonion and Taylor, J Amer Chem. 
Soc , 1924, 45 , 050, 1210 For the literature of the thermal dcoomposition see DaMn, Chm 
News, 1884, 49, 226, Sabatier, BiM Soc chtm (2). 1885, 44 , 189, Kingzett, J Soc Chem, 
Ind., 1800, 9, 3 , y Soo. Chem Ind, 1906, 85 . 1219 , 1908. 27 , 1214 . 1909, 88, 1314 , 1910, 
89, 109 , Bull. Soc Ind. MiMotue, 1895, 78, 1897, 95, Clayton, Trans Narad Soc, 1916, 
11, 164. 

‘ Compt rtnd, 1913, 159, 1012. 
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solutions, the number had risen to seventy-seven molecules. Evidently 
the chain mechanism becomes more efficient in the more concentrated 
solutions,. or what* is the same thing, solvent water molecules break the 
chains. In acid solutions of the peroxide, the number of molecules 
decomposed per unit of energy absorbed is markedly lowered. Henri 
and Wurmser^ listed a number of inorganic compounds which inhibit 
the light reaction, and in the following year Mathews and Curtis ^ 
added a number of organic and inorganic compounds. They failed to 
observe any proj)erties possessed in common by the inhibitors. Recent 
investigations by Anderson and Taylor * have tended to elucidate the 
mechanism of certain of these inhibitions. The inhibitory effects 
exhibited by typical organic compounds of known absorjition spectra 
were e.xaniined in four definite .spectral regions of the ultra-violet. 
The inhibition by such agents was associated with the absorption 
capacity of the compounds for ultra-violet light. A striking correlation 
between these two factors was obtained in the case of benzime, several 
esters, acids, amides, ketones, and alkaloids. The inhibitors act more 
efficiently when in the [leroxide solution tlian wlien in a screening 
solution of similar thickness and eoneentration. This is doubtless to 
be associated with the existence of the chain reactions already men- 
tioiK'd. Tlu'se inhibitors act therefore in a twofold cajiaeity. Tliey 
absorb some of the radiation wliicli might activate hydrogim jieroxide 
molecules. Tlu'y apparently, also, break whatever chain nu'chanism 
may he set up ^ to account for the abnormal })hotochemical yi(*ld. Not 
all inhibitors act in the former eaj>a(‘ity. Certain aliphatic alcohols 
and amines, halogen, hydroxyl, and liydrogen ions act as inhibitors, 
although quite diactinic in the ultra-violet. Pi>ssihly adsorption of 
the inhibitor on the active portions of the n'aetinn vessel, resulting 
in a decrease of the number of chains started, may be bmnd to jilay 
an important part in the process. 

Oxidation processes. ~lt has already been jiointed out that in 
many procesvses of oxidation the inhibitor may act by removal of 
a powerful positive catalyst, the oxidation of .sodium-sulphite solutions 
by dissolved oxygen being studied in detail by Titoff. The number 
of such autoxidation reactions sensitive to inhibitors has been largely 
increased by variou.s investigations, among which some of the more 
important are due to Moureu and Dufraiasc.® Their earliest work 
showed that the prevention of autoxidation of a variety of substances, 
for example benzaldehydo and acrolein, was possessed by phenolic 
compounds. The efficiency of such compounds was remarkable. One 
molecule of hydroquinine in every 40, (XK) molecules of acrolein served' 
to make the autoxidation of the latter negligible. Analogous results ^ 

‘ Compt. rend., 1913, 167, 284. * J. PhytUxd Chm., 1914, 18 . 621. 1 

• J. Amer. Chem. Soc., 1923, 48 , 650, 1210. . 

* See Konifeld, he. cU., and Nernat and Noddack, SiUcungtdxr. pfcaw. Akad., 1923, 112. 

» Compt. rend., 1922, 174 , 268 ; 1922, 176 , 127 ; 1923, 176 , 624, 797 ; 1923, 178 , 

1498, 1861 ; 1924, 179. 237. ^ 
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were obtained with such autoxidisable substances as acetaldeliyde; 
chloral, propionic aldehyde, anisic aldehyde, cinnamic aldehyde, 
hydrocinnamic aldehyde, furfurol, styrolene, turpentine, Imsced oil, 
nut oil, and butter Furthermore, various secondary phenomena 
which often accompany autoxidation processes generally related to 
molecular condensations and manifested by changes of colour, pre- 
cipitates, change m viscosity, rancidity are also inhibited by such 
additions Thus, furfurol, instead of turning deep black, remains 
almost colourless , acrolein no longer yields dis-acryl, a polymerised 
product , styrolene remains fluid , linseed oil can be exposed in thin 
layers without losing its fluidity ; fatty bodies do not become rancid 

Further afield, Moiireu and Dufraisse have noted the French 
patent to the Sociot)\ Aiionyma Co-operativa (1905), which claims the 
protection of silks against light, heat, and atmospheric action by means 
of thiourea, hydroquimno. and their derivatives, this patent lieitig a 
product of the luvcstigations of Sisley and Seyewetz , * also a German 
patent (1918) to the Badische Amlin- und Soda-Fabrik claiming the 
protection of synthetic rubber against autoxidation by the presence 
of phenolic compounds Gillet and Giot ^ have noted that materials 
dyed with azo dyes and cosm dyes arc protected against colour changes 
by such inhihitors as Moureu and Dufraisse have studied liuhber 
oxidation is inhibited by tannin and hydroqumone ^ 

Moureu and Dufraisse reject the Titoff concept of suppression of 
a positive catalyst and have formulated a theory of meehamsm which 
seeks the theoretical solution of the jiroblem of autoxidation in the 
“peroxidation” of both autoxidant and inhibitor, followed by inter- 
action of the two oxidised agents to regenerate both initial sulistances 
and elementary oxygen. Thus, if A be the autoxidisable substance 
and B be the inhibitor, the sequence of rActious would be 

A + 02=A(0a), A(02)-tB = A(0) + B(0), 
A(0)-pB(0)-A + B + 02; 

or alternatively, 

A + 0j=A(0)2, 

B + 0.2==B(02), 

A(0,) + B(0,)=^X-^B + '20,. 

The later papers of Moureu and Dufraisse have been concerned with 
lata designed to prove this mechanism, mhibitiors such as iodine and 
odino compounds, compounds of sulphur and of phosphorus iiavmg 
Dceii studied. They note that most inhibitors are easily oxidisable 
substances. 

It has long been known * in connection with induced oxidation 

1 Sh«. Soc. 1922, 81, 672 * Compt. rtnd , 1923, ITS, 1402. 

’ Cmpf, rttid. 1023, 177. 204. F.P. 609607/1919. * See Chapter VII. * 






vptocesses that, during many processes of autoxidation, for every 
molecule of oxygen consumed by the substance undergoing oxidation 
a molecule of oxygen was simultaneously activated and could relict 
to form ozone, hydrogen peroxide, or in the presence of other autoxidis- 
able substances could oxidise them, frequently causing oxidations 
which cannot be accomplished by ordinary atmospheric oxygen. One 
such case, studied by Jorisaen,^ is the oxidation of potassium arsenite, 
present in solutions of sodium sulphite undergoing oxidation. Oxidation 
of arsenite solutions by dissolved oxygen does not occur. In presence 
of sulphite, however, equimolecular quantities of the two oxidation 
products are obtained. In the induced reaction the oxidation of 
the sulphite is materially lower than in the absence of arsenite. The 
latter can therefore be regarded as an inhibitor of the sulphite oxidation. 
Jorissen suggests - that the oxidation of a sulphiie-arstMiite complex 
odcurs. Moiireu and Dufraisse have elaborated their theory ^ to explain 
these cases. Such special explanations cannot have general applicability 
since it is certain that in many cases oxidation of the inhibitor does 
not proceed at the same rate molecularly as that of the autoxidis- 
able substance. Furthermore, it would be desirable even in the 
case of sulphite-arsenite mixtures to ascertain whether the relative 
amounts of the two oxidised does not vary with the concentrations 
present. 

Keasoning from the existence of chain reactions in photochemical 
processes and from the form of the kinetic e<{uation of a simple bi- 
molecular reaction involving collisions, Christiansen* concluded that 
reactions sensitive to inhibitors, thermal as well as photochemical, 
might involve a chain mechanism. Reactions in which a minute 
amount of iuliibitor effects a very considerable reduction in reaction 
velocity would, in such case, be tho.se in which the length of the chain 
in absence of inhibitor is great, as in the hydrogen-chlorine photo* 
reaction already discussed. Tliere appears to be no ready method of 
ascertaining whether a purely thermal reaction 1ms a chain mechanism. 
Photo-reactions, however, can readily be tested by a study of light 
energy input and chemical reaction which results. If a chain mechanism 
is established for a photo-reaction it is apparent that the processes 
succeeding the initial light absorption are not essentially different 
from thermal processes. If a photo-reaction is shown to have a chain 
mechanism, it is probable that the same reaction conducted thermally 
^ will also involve chains. 

From this point of view Taylor^ and also Backstrora® have 
investigated a number of oxidation processes photocheraically to 
. ascertain the ratio of light energy input to resultant chemical reaction. 
Backstrom studied both the oxidation of aldehydes such as benz- 1 

1 ZeiUich. phynkd. Chem., 1897, 23, 667. * See aiao Rec, im>. cAm.,1924, 43. 682. / 

» Bee. trae. cktm., 1924, 43, 646. * J. Phy$ic<d Ohm„ 1924, 28, 146. 
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aldehyde and of sodium sulphite. He found m each case mat manj* 
liundred molecules of the autoxidant react, for each quantum of 
absorbed hght energy Mathews and Dewey ^ and Mathews and Weeks ® 
showed that photochemical oxidation of sulphite was sensitive to 
inhibitors Pyridine, bcnzaldehyde, phenol, hyilroquimnc, ethyl 
acetate, urea were all retarding agents of varying efficiency. There 
IS, however, some divergence between the thermal and photochemical 
processes, since copper salts which are powerful catalysts for the 
thermal process are without action photochcmically The photo- 
chemical oxidation of bcnzaldehyde is retarded by many of the 
inhibitors of the thermal process. Taylor showed that in the photo- 
oxidation of an unsaturated glyceride a chain inechamsm might also 
bo involved, since the ratio of molecules reacting to quanta absorbed 
was greater than unity though much smaller than in the eases studied 
by Backstrom. 

Young ® showed that the oxidation of solutions of stannous chloride 
m water by dissolved oxygen was likewise extremely sensitive to the 
presence of inhibitory substances Various alkaloids, rnannite, aniline, 
potassium cyanide, salts of manganese and of chromium were shown 
to be inhibitors It is not yet known whether this is an additional 
ras<> of a reaction involving a chain mechanism Young showed that 
it was sensitive to certain positive catalysts present in minute amounts 
A concentration of 0‘0000()5 N hydrogen sulphide serves to imTcaso 
the rate of oxidation by about 25 per cent 

Gaseous oxidations —Recent investigations have shown that 
certain gaseous oxidation processes are sensitive to the presence of 
inhibitory agents This discovery arose in connection with a study 
of the explosion of liydrocarbon-air mixtures in the automobile engme. 
Midgeley ^ has shown that addition of agents, sucli as iodine, amines, 
and especially lead tetra-cthyl, to the motor fuel suppressi's the 
tendency to pre-ignition of the explosive mixture in the cybnder, 
thereby permitting a higher compression to be employed Corre- 
sponding economies in fuel consumption can thereby be secured 

There is no general agreement, as yet, with respect to the 
function of these added substances in hydrocarbon - air mixtures, 
various theories having been brought forward ^ That such substances 
may act as inhibitors of oxidation was shown by Taylor by demon- 
strating ® that lead tetra ethyl is a powerful inhibitor of the autoxida- 
tion of bcnzaldehyde On Christiansen’s view the mechanism must be 
one involving a cham mechanism, the energy of the reaction products 
being transferred to the reactants bringing them into the reactive 
state, the inhibitor acting by breaking the chains. The view that the 
explosion reactions involve chains is in harmony with tlie conclusions 

* J Phystcal Chem , 1913. 17, 211 ' J Amrr Chm Soc , 1917, 39, 6.35 

» / Amtr Chem Soc, mi, 33, 119, 460. * J Ind Eng Chem., 1923, 16, 421 
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‘bf DiJcon ^ from his work on the explosion of combustible gas-air 
mixtures. It is of interest in this connection, also, to record that 
Humphry Davy * made experiments in 1817 on the influence of 
hydrogen chloride and" silicon tetrafluoride on the lower explosion 
bmit of hydrogen. He showed that a mixture of two volumes of 
hydrogen with one of oxygen did not explode when 2 per cent by 
volume of hydrogen chloride or 0-8 per cent of the silicon compound 
was added. Jorissen, Velisek, and Menwissen have recently studied® 
the restriction of the inflammability limit.s of explosive gas mixtures 
in presence of various chlorinated hydrocarbons. Further work is 
needed before the theoretical elucidation of this most important 
practical problem can be achieved. From such work it may be 
anticipated that the mechanism whereby the chains are broken will 
be elucidated. As yet, there is little information on the jioint. There 
is some evidence that the inhibitor is oxidised in processes of oxidation. 
It is also possible that the energy of a “ hot ” molecule may be 
dissipated by molecular compound formation with the inhibitor, 
since, as was shown by Taylor,** there is a marked concordance between 
inhibitory power and ability to form molecular compounds, 

* Ph}. Trms., 1817, rii). 

* J. Physical Chem., 1«23, 27 . 322. 
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CHAPTER VII 


PBOCESSES OF OXIDATION 

Thr most varied and extensive application of catalysis to the problems 
of industrial chemistry has been made m the technical development 
of processes of catalytic oxidation 

Catalysts have been successfully employed to accelerate various 
processes of oxidation extremely dissimilar m character Thus, in 
processes of surface combustion the catalytic material induces tlie 
complete combustion of gaseous and vaporised fuels for the production 
of intense and localised heat, whilst, on the other hand, the in- 
candescent mantle exhibits similar localised combustion for the 
production of bght In those cases also in which the process of , 
oxidation is reversible within the usual temperature range of operation, 
as in the oxidation of sulphur dioxide to sulphuric anhydride or of 
hydrochloric acid to chlorine and water, technical development was 
only possible after the discovery of catalytic agents which would 
accelerate the processes of oxidation at relatively low temperatures 
so as to ensure the maximum yield of the desired product at reasonable 
space velocities. 

Another extending field for the technical development of processes 
of catalytic oxidation is to be found m the cases oi fractional oxidation, 
where, by the choice of suitable catalytic material and the proper 
conditions of temperature, pressure, and concentrations of reacting 
substances, the reaction is caused to proceed along one path only, 
with the avoidance of possible side reactions or products of combustion 
of a higher or lower state of oxidation than is desired Mention may ' 
be made of the technical processes for the oxidation of ammonia to 
nitric oxide, of hydfogen sulphide to sulphur, of methyl alcohol to 
formaldehyde, and of naphthalene to phthahe anhydride as examples 
of such fractional oxidation. In all these cases, under adverse con- 
ditions, the yield of the desired product may be reduced to ml 

Processes of catalji-ic oxidation may also be selective m character. 
Thus, iron sulphide may be oxidised in the presence of the inflammable^ 
constituents of coal gas by the regulated ad^ssion of air under suitable! 
temperature control. Mixtures of methane, hydrogen, and carbon 



^l^dAoxide may be analysed by tbe admission o£ oxyg&, the com*'* 
|k^stion being conducted in such a manner that, by a suitable choice 
ll!|of catalytic material and operating temperature, only one constituent 
undergoes, oxidation. 

The classical experiments oh Schonbcin on autoxidation, in which 
the reaction velocity of the process of oxidation is extremely slow, 
r opened up a new and interesting chapter in the tlieory of combustion. 

The significance of such processes of cold combustion will at once 
! , be apparent from a consideration of the mechanism of the corrosion 
or rusting of metals and the many remarkable cases of induced chemical 
' reactions which accompany processes of autoxidation. 

In the following pages examples are given of the varied and manifold 
( applications of catalysis to these diverse processes of oxidation. It 
will be noted that, as in many other cases, practice, as exemplified by 
technical development, has outstripped the theoretical treatment of 
■ the subject. 

The Manufacture op Sulphuric Acid 

The sulphuric acid industry is practically uniejue in the fact that 
the two processes employed on an ever extending scale for its manu- 
facture, the so-called “ chamber ” and “ contact ” processes, are both 
catalytic in operation, and in the most modern plants the relative 
costs of production arc practically identical. The “ chamber ” process, 

, however, is confined to the production of the monohydrate, the 
maximum strength of acid obtainable being 08 per cent H2SO4, 
whereas the “ contact ” process is more suitable for the production 
of “ oleum ”, i.e. sulphuric acid containing varying amounts of 8O3 
^ dissolved in it, pure “ oleum ” or fuming acid having the composition 
28O3.H2O orH2S207. 

The “ chamber ” process.“-Ia this process the oxidation of sulphur 
dioxide to sulphuric anhydride by means of atmospberic oxygon is 
catalytically hastened by oxides of nitrogen, and is one of the very 
few cases of homogeneous catalysis in a gaseous system. 

In actual operation a 6 to 12 per cent mixture of sulphur dioxide 
^in air obtained by passing a regulated amount of air over burning 
•sulphur or sulphides such as pyrites, or spent oxide from gas works, is 
brought into contact whilst still hot (400°) with a solution of nitrosyl ' 

I sulphuric acid, by passage through one or two yolvic lava- or flint- 
packed columns termed Glover towers, down which a stream of nitrosyl 
'sulphuric acid is distributed. 

Tlie resulting mixture of sulphur dioxide, oxides of nitrogen, and 
air then pass into a series of leaden chambers into which steam or 
dilute sulphuric acid is blown by means of suitably shaped nozzles, 
^he earlier rectangular reaction chambers, which would only produce ' 
“phe-sixth of a pound of sulphuric acid per cubic foot in twenty-four / 
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hours, are now replaced either by tangential chambers in which nearly 
lb. of sulphuric acid can be produced per cubic foot in the samS 
time, or by plate or packed towers m which the oxidation of the sulphur 
dioxide to the trioxide no longer takes place in the gaseous phase, but 
in the dilute nitric acid which is added to each tower Although a 
considerable economy in space is gamed m such tower systems, yet 
the extra installation costs and the increased resistance to the gas 
passage bid fair to militate against this advantage 

The spent gases from the reaction chambers are freed of all residual 
oxides of nitrogen by passage up a coke or stoneware ball-packed 
column, the Gay-Lussac tower, down which sulphunc acid is distributed 
The weak sulphuric acid from the lead chambers (cu 65 per cent) 
containing both oxides of nitrogen and nitric acid mixed with the nitrous 
vitriol from the Gay-Lussac tower, is partially concentrated (to 78 per 
cent) 111 the Glover tower, where the oxides of nitrogen are removed 
by the fresh gases and finally brought up to 98 per cent strength liy 
evaporation m Gaillard towers or by means of cascade concentrators 
It is evident that under ideal conditions the oxides of nitrogen 
which arii continually returned to the reaction chambers by means of 
the Glover tower should suffer no diminution during the cveh' of opeua- 
tions. In actual practice, however, there is a small but coritmuous 
loss of the catalyst equivalent to from 1 to 4 parts of sodium nitrate 
in 100 parts of sulphur burnt This deficit has to he continuously 
made good either by tlie addition of nitric acid to the Glover tower or 
by supplying oxides of nitrogen to tlui entering gases In the latter 
case either small quantities of sodium nitrate (mtre) and sulphunc 
acid are placed in pots situated in the flue of the pyrite.s burners, or 
in the most modern practire, oxides of nitrogen, produced by the 
catalytic combustion of ammonia (see p 165), arc added at the base of 
the Glover tower 

The loss of oxides of nitrogen in the cycle is probably due to a 
variety of causes, araongsl. the more important of which may be 
mentioned 

(a) The presence of organic matter in the suljihnr dioxide— a 

common occurrence when spent oxide is utilised 

(b) Loss in the sulphuric acid finally produced and at the exit of 

the Gay-Lussac tower 

(r) The reduction of nitric oxide to nitrous oxide or nitrogen by 
the coke packing in the Gay-Lussac tower, and by decom- 
position in those parts of tlie contact chambers where the 
acid is under 40 per cent strength. 

An explanation of the mechanism by which the oxidation of sulphur 
dioxide to the trioxide is accomplished with the aid of oxides of nitrogen 
was first suggested by Davy m 1812, as a result of a senes of expert 
ments which had been conducted some six years previously by Clement. 
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aiul Desormes.^ It was noted that when insufficient steam was 
admitted to the reaction chambers white crystals of nitrosulphonic 
acid were deposited ; Davy’s hypothesis for the oxidation was based 
upon the intermediary formation of this acid, according to tb.e following 
equation ; 

.Oil 

(1 ) 2 SO 2 f- H 2 O 4- 3NO. - 2SO./{ e NO. 

the nitr()8ul])}ionie acid reacting with excess of steam and oxygen to 
form sulphuric acid . 

/)[{ Oil 

(2) 4SO^( t-2H20 f 0..-4S0/ -1 4NO, 

\no2 “ ^ \m 

whilst the nitric oxide is reoxidised f«) nitrogen dioxide us follows : 

(3) 2N0^02-2N02. 

Iningtj and Nio-f in 1881 found. 011 analysis of the idianiber gasi's in 
the second und third chambers, that nitric oxide and nitrogf'ii dioxide 
wen' pfcs('iit in equivalent proportions, liehaving as N^O^: 

(4) NOa-fNO ^-'^N.Oa, 

and sugg('sted the following .seri(*s of reactions to account for the 
formation and subse(jueiit decomposition of chamber crystals : 


/OH 


(5) 2S0o + O 2 + H..0 -} N..O., - 2S02( 

\\0 

/)H 

(6) 2802^ +H20^^2H2S0,4N20:, 

^N02 


In the first chamber the gasi's arc usually colourless owing to a 
deficiency of nitrogen dioxide. Lunge and Naef 8ugge.st('<l that the 
removal of this constituent was taking place by means of a si<je 
reaction, as follows : 


.OH /m 

(7) 2S02<" 4-21L,0 + S02-3,S02< 4 2N0, 

NO 2 ^OH 

which would thus explain the presence of the nitric oxide in excess of 
the equivalent proportions demanded by Equation (4). These compara- 
tively simple reactions, according to Kaschig and Trautz,® are not a 
sufficient explanation for all the phenomena observed when sulphurous 

^ St'e Lungt', vol. i. ; Ka<»ohig, J. t>oc. Chrm, Ind., 1907, 10, 96fl : 191 1, 30, 106 ; I’artuigUjn, 
Tki AUcalt IndvAiry, 1918. 

* Annalen, 1887, 241, 200. 
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or sulphuric acids are agitated with oxides of nitrogen. It is coihg 
knowledge that m the usual nitrometer estimations a purple or pi 
coloration is nearly always present towards the end of the reaction. 

The composition of the purple acid is unknown, butinallprobabili 
contains the nitroso-group, NO, to which its colour may be attribute 
Traute postulates the formation of an unstable nitrosulphonic acj 
according to the following reactions : 


m 


m 


2SO/ +N20,-2S03( +H20, 


/OH 


2SO, 




NO 


NO 

/OH 

-■> so/ +NO, 
>NO 


so,<; 


OH 


which 18 subsequently decomposed according to the following two side 
reactions . 

/OH 

(1) SO / -1 N,03 

)nO — > 3N0 + 2H2S04, 

so/ +H2O 

^OH 


/OH 

(2) S02< +2SO, 

)no 

so/ 

^OH 


/OH 


+2H20 = 4H2S04f3NO 

^NOj 


OH 


The existence of a hypothetical nitrosulphuric acid SO^; 

^0 . NO, 

has also been suggested by Lunge, formed by the interaction of nitric 
acid vapour on sulphur dioxide in the presence of air . 

/OH 


0, + 2S0a + 2 HN 03 = 2S0,< 


'^0 . NO, 

It must, however, be admitted that our knowledge of the various 8 icl 0 ‘ 
reactions which may occur between the oxides of mtrogen catalyst 
and the oxides of sulphur is far from complete, but it appears probaW® 
that the explanation advanced by Lunge and Naef represents the mos^ 
important sequence of actions taking place under the condition^ ii^ 
actual chamber practice 

The “contact” process— The early development of the 1< 


1 




ji ® years 1740 and 1750. 

In 1812 Davy, who was the first to point out the true function of 
the oxide of nitrogen in the oxidation of suljihur dioxide, suggested 
the possibility of using platinum sponge as a catalyst for the same 
|)urpose. Phillips, in 1831, may claim to have been the pioneer in 
testing Davy’s suggestion on the industrial scale, but owing to the 
^ rapidity with which his catalytic material became poisoned the process 
was abandoned until 1875, when Squire and Messel succeeded in making 
the process a technical success for the production of “ oleum These 
investigators utilised pure gases obtained by the decomposition of 
sulphuric acid on hot brick surfaces or by the combustion of sulphur, 
" the sulphur dioxidei^eing subsequently purified by washing with water 
under ])re88ure. 

The rapid development in the conta<!t process during the opening 
^ yeans of the ])resont century is chiefly due to the work of Kneitsch and 
•Krauss,^ who carried out a very systematic investigation on the reaction 
velocities and the conditions of e<iuilibrium of the reaction 

2S02 4 02:^2S0s, 

w'hich was found by C. Winckler to be a reversible one. It was shown 
that the value of the equilibrium constant 


PSO . __ 

Pso.VPi),’ 


where Pso,> P.so ,5 a»d Po, are the respective })artial pressures of the 
reacting constituents, d<*creased with rising temperatures, as is observed 
from the follo\s*ing figures ; 


'J'tiniwruture. 

A',. i 

1 Tei»i>cratiirf. 

Kp. 

430° 

1980 , 

000° 

14-9 

450 

187-7 i 

i 010 

10-5 


72-.3 j 

027 

5-5 

528 

31-3 

1 7(KJ 

4-8 

553 

24-1 1 

727 

1-8 

means of the general equation 




dlogA',.^ Q. 
(If 


assuming that the value of the heat of reaction, which according 
to Berthelot and Bodenstein^ is equal to an evolution of 21,700 cals, 
at the ordinary temperature, does not change seriously in value over 
I;lie temperature range, we can calculate the value of K^, and hence 
that of K for any desired temperature. The value of the integration 
constant can be“ obtained by taking an experimentally found value of 
fCp or by means of Nernst’s heat theorem, 

‘ Ber., 1901 , 34 , 4069 . 

’ Bodensiein and Finck, Zeitxh. phy$ikal, Chem,, 1907 , 40 , I, 46 . 
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The fractional conversion, t e. the values of the ratio o ~ ^ 

oUo + fetJj 

could consequently be calculated when the magnitude of had been 
determined It is easy to show that the percentage conversion 100 x 
IS equal to 

A„ 

lOOVPo. — 

^•i+A'VAk 


From this equation it is a comparatively simple matter to calculate 
the composition of the gas as it comes from the contact material in 
which equilibrium has been established, whilst the calculation of the 
final composition from an analysis of the enteiing gases can be made 
by means of the following equation ^ 

iOO/--](K) -- 

A^, 1- / 6-0 50/ 

V l(Kt-0 5o7 

where a and 6 are the jiercentages of sulphur dioxide and oxygen in 
the initial mixture. 

From these equations tlie following interesting facts can be deduced 
first, that the ideal catalyst should be active at low temperatures, 
jireferably bi'low r)(K)°, where thi' values of A,, are large , secondly, 
although an increase m the partial pressure of oxygen is benefieial m 
that it tends to raise the value of / ni'arer to iimty, yet a limit is set 
to the quantity of nir admitted hy the cifect of the diluent nitrogen. 
If we assume a mere trace of sul|)hiir dioxide to be present in entering 
gases, i e a is approximately zero and 6-2t)*t> per cent, then 


J 


h - 0*5 ax 


V 100 
A 


-0 457, 


i.c. 100 /==1(K) , 

A^, + ‘2'2 

For large values of tlie yield is practically theoretical, but at 700'’ 
the value of lt)0 x has sunk to 60 in sjute ol the very large (juantities 
of oxygin present, whereas if no nitrogen had been [iresent at all the 


value of 100 / approximates to , or 83 at 7(K)". The optimum 
^ 

results are obtained when the quantity of excess air admitted to the 
pyrites burners raises the oxygen content to the ratio SOj 0.^ . 2 : 3, 
or three times the theoretical amount for complete conversion to the 
tnoxide. 

Having determined the conditions governing the oxidation of the 
sulphur dioxide, Kneitsch and Krauss investigated the reaction velocity 
in the presence of different catalytic matenals Utilising purified 
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technical converter gas of the following composition : 7 per cent SO 2 , 
10 per cent 0^, and 83 per cent Ng, the speed of conversion was 
determint'd when })a8sed over various catalysts at different speeds and 
varying temperatures^ In Fig. 8 (Curves 1 and II) are shown the results 
of passing such a gas ini.xture over platinised asbestos in a porcelain 
tube at varying temperatures ; it will be noticed that conversion 
with this, the most efficient of all the catalysts yet investigated, com- 
mences at 200'^ with a How rate of 300 c.c. per minute (Curve I) and 
at a little under StX)'’ with a How rate of 20, (KX) c.c. per minute 
(Curve II), and as the flow rate increases a higher reaction velocity 
is re({uired, necessitating a higher temperature with a correspoml- 
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ing r(*d action in the equilibrium concentration of sulphuric anhydride 
obtainable. Curve III indicates the loci of the ma.xima of a set of 
the curves, utilising identical catalytic material, platinised asbestos 
and converter gas of similar composition but with different rates of 
passage. 

It is evident that if some circulating system were employed, or 
alternatively a series of catalytic tubes were so arranged that the 
sulphur trioxide formed was removed after each catalytic treatment, 
the maximum conversion per unit of time would not be obtained with 
an operating tcn|perature and sjjeed of passage corresponding with the 
probable maximum conversion, but would entail a very high rate of 
passage with a relatively low conversion, the speed and temperature 
being so adjusted as t-o ensure the product, per cent conversion x flow 



rate being a maximum Technical difficulties associati'd with the« 
removal of the sulphur trioxidc from a gas containing relatively large 
quantities of the lower oxide appear to have prevented the realisation,' 
jf tins possible procedure. 

Curve IV indicates the results obtained with burnt pyrites 
(CuOjFcaO^) as contact material with a flow rate of 500 c c per minute„ 
whilst Curve Y shows the low duty obtained with broken porcelain as - 
catalytic agent. 

We have already referred to the employment of purified converter 
ga.s by several investigators. Squire and Messel apjiear to be the 
first to have realised the significance of catalyst “ poisons ” in the 
ordinary gas, and used, as an alternative, sulphur dioxide prepared.; 
from some purer source. The Badische Amlin- und Soda-Fabrik success-^ 
fully solved the technical problem of qninfying ordinary converter gas ’ 
frdrn jioisons, notably arsenic, antimony, phosphorus, and lead, by 
steam treatment, cooling, and washing. The resulting gas is so purified 
as to be optically pure, showing comjilete freedom from susjiended 
matter even when subjected to intense illumination 

Since the optimum conversion temperature lies between 400° and 
450°, it was evident that for the successful technical devclojunent of 
the process the entering gases should strike the catalyst at a tempera 
ture approximating as nearly as possible to this, and should leave th( 
catalyst at sensibly the same temperature. The reaction, liowever 
IS strongly exothermic, 21,700 cals being evolved per grm -mol oi 
sulphur dioxide converted The Badische converter was according!} 
constructed of relatively narrow iron reaction tubes, 10 per cenl 
platinised asbestos being employed as catalytic material The maxi- 
mum radiation was thus obtainable by this method A jiart of the 
inflowing gas, passing externally over the tubes m a counter-current 
direction, was so adjusted as to regulate the catalyst temperature, and 
at the same time assisted in heating up the remainder of the entering 
gases 

In the Mannheim process developed by Clcmm and Ilasenbach a 
preliminary conversion is effected by passage of the gases ovi'r burnt 
pyrites at from 500° to 6(X)° where some 45 per cent conversion is 
effected The gases freed from the sulphuric anhydride by absorption 
111 strong sulphuric ^^cid are then passed on to the lower temperature 
platinum catalyst A dual advantage is thus obtained. In spite of 
the lower duty obtained with the burnt pyrites catalytic material 
on account of the somewhat elevated reacting temperature, this catalyst 
18 not so sensitive to traces of poisons as the platinum and is a com'-' 
paratively cheap matenal to utilise. As a further consequence, a veiy^ 
pure gas glasses on to the platinum converter, and §ince nearly hau 
of the sulphur dioxide has already been removed, the temperature of 
this catalyst can be easily adjusted within the prescribed limits. 

Of the various catalytic materials employed to accelerate thtf 



^[bubtedly the most active, and much ingenuity has been displayed in 
p>btaining the maximum yield possible with the aid of relatively small 
f^uantities of this somewhat expensive material. 

^ In the Badischc type of plant where platinised asbestos is utilised, 

‘ the platinum is frequently deposited from the platinic chloride by means 
;0f a formate solution according to the method originally suggested by 
^%oew.^ 

j/ The Tenteleff process utilises a series of coarse asbestos string mats 
•^some 2 feet by 3 feet in area, impregnated with platinum black, from 
; twelve to twenty-five being used as the contact mass ; the quantity 
;-of platinum distributed on each mat varies from 60 to 65 grms. 

; The jSchrdder-Grillo contact material^ is undoubtedly the most 
' ing(!nioiis of any which are in operation, producing a very active form 
of platinum black and at the same time exposing a large area of catalytic 
surface. 

Partially calcined magnesium sulphate is sprayed with a solution 
\of platinum salt and heated up in the presence of sulphur dioxide, 
the reduction of the platinum being thus effected. From 0*2 to 0*3 
per cent of platinum on the magnesium sulphate is sufficient to form 
an excellent contact material. With 5 grms. of platinum one ton 
of “ oleum ” can be produced per day with a loss of only 20 mg. 
of metal. 

Of the various other catalytic materials suggested, it seems that 
only burnt pyrites has actually been used on an industrial scale. By 
•reference to the patent literature, the problem of finding some other 
non-platinum catalyst more active than burnt pyrites is still tlie object 
of investigation. Amongst the more important materials suggested 
may be mentioned the oxides of copper, vanadium, uranium, chromium, 
nickel, and cobalt, frequently incorporated with aluminium, beryllium, 
zirconium, or zinc oxides, or the rare earths, such as didymia or ceria ; 
thus vanadium pentoxide when precipitated in a fine state of sub- 
division on silica is stated to be as effective as platinum.® It is of 
interest to note that oxide of arsenic itself, although a poison for 
platinum, is a comparatively good catalyst at somewhat higher tem- 
peratures.^ Water, on the other hand, inhibits the reaction very 
Strongly by selective adsorption even up to 700"^ C. More novel is 
the suggestion to incorporate with the catalytic material some body 
which readily absorbs sulphur trioxide at the temperature employed, 
|ind disengages it again at a higher temperature. 

, Various theories have been put forward to explain the mechanism 
bf the contact process ; it is usually assumed that the intermediary 
formation of the platinum oxide, PtO, or the more transitory and 
possibly hypothetical dioxide, PtOj, suggested by Wohler and Engler, 

S > Ber., 1890, 88. * J. See. Ckem. Ind., 1903. 82. 348. * O.P. 291792 of 1913. 

Lunge nud Reinhart, Sieiteeh. an^. Cketn,, 1904, 1014 ; Kottpphr, ibid., 1908, 832. 
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plays the important role in this catalytic operation, according to 'th< 
following cycle 

(i’) 2Pt + 02 — > 2 Pt 0 + 2 S 02 — >2Pt 2SO3. 

(11) Pt + Oj,-^PtO, + 2 SOj— > Pt 2SO3 

Wicland, however, has laid stress on the “ hydration ” tlieory ol 
chemical action Since perfectly dry sulphur dioxide and oxygen dc 
not combine, he rcjiresents the oxidation of the siiljiluir dioxide as 
subseijnent to a previous hydroxylation 

SO^ + Ih/) — > IlssSOj, 

2II, + Oj-~> 2H,0. 

It may be urged 111 favour of this view that m I hose eases where inter- 
mediate jiroducta of oxidation can bo isolated and analysed- especially 
in organic reactions where the hydroxyl groups can be fixed and ehar- 
aeterised as soon as they arc formed by the substitution of a suitable 
non-r(‘actiV(‘ groujmig— tiu* evidence for hydroxylation as a st<ig(' in 
oxidation is remarkably strong 

It 18 extremely probable that adsorjition phenomena exert a by no 
means inconsiderable iiiHuence on the late of the rcactimi 

With oxide catalysts such as oxide of iron it is generally assumed 
that the formation of an intermediary siiljihate oeeuis according to the 
following cycle 

i 2F(‘,/L t + 3 O 2 — > 2Fe(804)3 
( 2Fe2(), f-()8(),<- I 

It is evident, however, by reference to the list of oxides suggested as 
suitable for technical jirocesses, that practically only those elements 
are included winch jiossess at least two oxides, and, as lu niani other 
catalytic proccssixs, we arc equally justified in assuming the catalytic 
activity to be flue* to an oscillation liotw'een the two states of 
oxidation 

FcjO, i-S().,--> 2 Fe() iSO, 

V ftO, 

i- - F.SO3, 

CeO.fSOa- ->OeOtS()j 
CeO, 

It must also he admitted that the explanation formed on the “ inter- 
mediary sulphate " theory is not very satisfactory in the light of the 
researches of Bodensteiii and Suzuki,^ who showed that the first products 
of the distillation of feme sulphate arc SOj and Oj, which then react 


1 ZeiltfcA mtHrwhtrn., 1910, 16. 912 
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in the presence of ferric oxide to produce SO,, whereas SO, should d)e 
the primary product on this hypothesis. 

Use of catalysts in the Hargreaves process. -Hargreaves and^ohinsoii 
in 1870 introduced a method for tlie manufacture of salt cake (NagSOi) 
by the interaction of pyrites burner gas and air on hot salt at r)2r)^\ 

Above 600° fusion of the salt occurs, thus setting a limit to the 
temperature for the reaction. To ace<‘hTate the reaction at low t-em- 
jieratures, various catalysts have been proposed, notably ferric oxide ^ 
and copper oxide. ^ 

It was suggested that the salt should be moistened with a solution 
of the sul})hate of the metal so as to obtain an activated salt containing 
from 0*1 to 1‘0 per cent of the rnefal. 

The exjierimental investigation of the intluence of copper and iron 
salts was rejiorted by Conroy.^ Tin; conclusions reached arc thus 
summarised. Salt is dcconijuiscd by a mixture of sii]|>hnr dioxide and 
air at a temperature below 6(K)° to yield sulphate and chlorine. I)e* 
comf)osition in glass vessels is exee(‘dingly slow. With addition of 
()-2r) per cent of copper in the form of sulphate, reaction begins at 4(X)° 
and incH'ases in amount with temjx’rature. 

The rate of action at 6(K)'' was roughly 50 per etmt greater than at 
450"". Increased concentration of eopjier increased the rate, of reaction. 
It was shown that 0*5 j)cr cent of iron as sul])hate was catalytically 
(‘({uivaleni to ()’25 per cent of copper. Magnesium and aluminium 
sulphates were without action. With suitable gas speed, reaction was 
(jiuintitativc, all sulphur dioxide being retained. At higher speeds of 
pas.sage, both chlorine and sulphur dioxide escaj)(*d The conversion 
to .sulphate could be carried to completion. 

In (\)nroy's view, the salts of copjier and iron probably act by 
inducing the combination of sulphur and ox 3 'gpn to form sulphuric 
anhydride, since, by inserting }>latinised asbi'stos in the inh't end of 
the reaction tube the ratio of the chemical e^piivalents of chlorine to 
sulphur dioxide and sulphur trioxide rose from 1 : 14 to 1:1. This 
method of working the process, viz. by passing a mi.xtnre of snljihur 
dioxide and air through ves.sels containing alternately a contact sub- 
stance to produce sulphuric anhydride and salt, v/as j)atented by Deacon 
in 1871.* 

To check fusion, Cleinm proposed^ to admix clay with the .salt, 
utilising copper oxide or ferric oxide to aid the reaction. 


The Oxidation of Ammonia to Nitric Acid 

After the war the national interests, the increasing demand for< 
nitric acid for growing industries in the various branches of organic 

* Hargreaves. 1886. 

• Krubingand Demoncourt, 1897 ; t'leniin. 1899; and Hargreaves, 1907 

» J Soc. ahem. Ind., 1902, 21, 304. * H.R 1908/1871. ® R.P. 16152/1899. 



'chemistry and as nitrjates for fertilisers, as well as the rapid stride 
'recently made in the economic production of ammonia both as 
coal by-product and in the form of cyanamide and pure ammoni 
manufactured by the various synthetic processes, have all tendei 
to make the technical operation of an ammonia oxidation plan 
not merely a war industry but an integral part of the econoraii 
development of the State. 

The pioneer work on this problem was accomplished by the French 
'ndustrial chemist, Kuhimann, in 1839, but until Ostwald and Brauer 
published their researches in 1903 no progress was made in the 
technical development of the process 

During the last few years several systems have been devclojied on 
an industrial scale, yielding on an average an efficiency of conversion of 
from 90 to 95 per cent Amongst the more important may be men- 
tioned those of Ostwald and Brauer, Frank and Caro, and that of 
Kaiser Modifications and improvements of these Oerman processes 
have been developed by the Allied Government Research Departments 
and by private firms during the period of the war, effecting a combina- 
tion of the best features of the resjiectivc plants 

The oxidation of ammonia is effected by the passage of an air- 
ammonia or oxygen-ammonia mi-xture over a catalytic material 
maintained at a suitable temperature 

The oxidation may take place in two ways the reaction of 
decomposition, 

- 4NH3 + 302=2Nj-^6Hj 0 + 301, 000 cals, 


and the reaction oatalytically accelerated, 

4 NH 3 -i- 5 O 3 = 4NO -i- 6 H 2 O -h 215,000 cals 


Under the conditions of catalytic combustion the oxidation of 
ammonia is practically complete, as can be calculated from the Nernst 
heat theorem, assuming that the above equation is strictly reversible 
The heat liberated in the combustion of 4 molecules of ammonia 
under the above conditions is 215,000 cals at 17°. For a homo- 
geneous gas reaction we can calculate from Nornst’s eijuation the 
equilibrium constant 

K ~ ^ Po, 

FNo‘xi>n.o'’ 


log«K = 




+ Svi, 


;where Qq and are the heat of reaction and the specific heats of thi 
reactants at absolute zero, Si* the algebraic sum of the number 0 
jraolecules, and % thp integration constant of the vapour pressure formula 
For Cop we can approximate the value 3’6 given by Nernst. Thi 
chemical constants for Oj, NHj, NO, HjO are 2-8, 3-3, 3-5, and 3-( 



t^pectively, and S»4=» -8*4. Correcting the heat of combustion, vk» ' 
215,000 for a temperature of absolute zero, taking into account the 
change in the specific heat of the gaseous constituents with the tem- 
perature, Q^^ will be found to be equal to 216,300 cals. 

For temperatures of oxidation between 500° and 1000°, the range 
usually adopted in technical plants, or a mean of 800°, C^-Cqp + 2^T, 


2^= 


800 


Hence 


^ 216,300 0-007 _ 


8-4. 


For log we find : 

T. 

500 ^ 

800 

1000 


lojt Kp. 
-108 

- 71 

- (II 


It will be observed that even at 1000° the quantity of ammonia in 
equilibrium with the nitric oxide under these conditions is almost 
vanishingly small and quantitative yields should always result, 

In practice, quantitative yields are never obtained, for the following 
reasons : 

(1) The time of contact of the air, or oxygen-ammonia mixture with 
the active surface of the catalyst may be too long. Under these 
conditions the nitric oxide formed by combustion with the ammonia 
will commence to dissociate and establish equilibrium, according to fho 
equation 

2NO:^Nj + 0,. 

This equilibrium is likewise governed by the temperature of the gas 
and is the basis of the arc process of fixing atmospheric nitrogen. 

According to Nernst and Haber, the equilibrium amount of nitric 
oxide formed in air at 2000° is only 1-0 per cent varying to 10 per cent 
at 4140°, but is practically negligible at the working temperatures of 
the ammonia oxidation process (circa 0-001 p(‘r cent NO at 800°). On 
the other hand, the velocity with which equilibrium is established is 
greatly increased by a rise in temperature, and the gas containing the 
high concentration of the nitric oxide produced by combustion of 
ammonia must be rapidly cooled to decrease the velocity of the normal 
decomposition. It is evident from this consideration that the catalyst^ 
should be maintained at a low temperature and that the period of 
contact of the gases with the catalyst be as short as possible. ' 

(2) Part of the ammonia may escape contact with the catalyst.^ 
Undecomposed ammonia present in the effluent gases will react witk^ 
the nitrous acid formed on the condensation of the nitrogen oxides ui4 
water, with the liberation of nitrogen : 

NH,+HNO,=N, + 2HsjO. 
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Twice t.be amount of nitrogen originally present in the escaping 
ammonia will thus be lost 

{.‘3) Partial direct combustion to nitrogen may occur 
Ostwald and Brauer’s process. - This system has been largely de- 
veloped in fJermany, whilst independent factories were established by 
the Nitrogen Products Co at Vilvorde in Belgium, Angoiileme in France, 
Dagenham in England, and at Legnano in Italy As catalytic material, 
])latinum foil is used in the form of a corrugated roll, about 2 cm deep, 
fiO grms 111 weight, loosely inserted m the end of a nickel tube some 
2 metres long, and 9 cm in diarnetei (solid drawn nickel is said to be 
preferable to welded tube) Th(‘ nickel tube tliroiigli which tiic 
ammonia and air ini.xturc (circa fi per emit NJI,) jiasses is endosed hy 
an enamelled iron tube somewhat wider iii diami’ter, the whole system 
thus acting as a simph' form of heat interchangi'r The ammoma-air 
mixture is thus heated uj) to a temperature of ().')(»'’ bidore striking the 
platinum roll, which is maintained at f)50'-7(KC by the heat of (om- 
bustion of the ammonia The llowmg gasi's, (onsisting of iiitrie oxide, 
nitrogen, and residual oxygen front the air, wdiieli is added in excess, 
arc cooled down, and, after sufficient tune oi storage to ensure that 
the oxidation of the nitric oxide to nitrngmi dioxide is romplete, are 
passed into the nitric acid alisorption towers 

Prank and Caro’s process. -The disadvantages of tlu' original 
process, namely, the lack of control of tie (ulalyst temfieiatiire and 
the relafivi'ly largo amount of platmiiiii reipuKsl to produce a given 
quantity of nitric acid (50 grins will only produce soini' 30 tons per 
annum), led Frank and ('arc to eonstrnet a form of conveiter in wliuli 
a more economical utilisation of tlie catalyst (in this case platinum 
also was used) was attempteil 

The converter of rolled alumiiiiiim consisted of a rectangular column 
containing baftic plates mpiallv spaced ami terminated by a eomca! 
hood of the same material A fine platinum gaiizi' (8t) linear meslnvs 
to the inch of wire 0(.t02G meli diameter) was stretehed across the con- 
verter column, and by means of silver leads could b(‘ maintamcd at a 
uniform temperature (circa (>50'’) by the passage of an electric current 
With the catalytic material in this form a .somewhat richer air-amimmia 
mixture (9 II per cent) could be dealt with and the converters con- 
structed III considerably larger si/es Technical units have beim con- 
structed up to i square foot in cross-.section, whilst in Ameriia expi-n- 
ruents on still larger units have been earned out The output per 
square foot of catalyst surface is ajiproximately 7(X) kilogrms of nitric 
icid per 24 hours, whilst the weight of platinum is less than 4t) grms 
per square foot The yield is stated to average 92 per cent 

Kaiser’s process. — From 1911 to 1916 Dr Kaiser, as a result of 
uvestigations earned out on a technical scale at Bpandhau, near Berlin, 
)ut forward somewhat startling claims for a process developed by him. 
In this process the single layer of platinum gauxe is replaced by 
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four spparatiKi layers of similar material, the total thickness not 
exceeding 0-5 to 0*6 mm. Electrical heating is dispensed with, and 
the air previous to admixture with the ammonia is preheated by means 
of a coke fire to 3(X)"“-3r)()°. Kai.ser‘s original claims of efficiencies, 
exceeding 1()0 j)er cent owing to the simultaneous autoxidation of 
atmospheric nitrogen, have now been shown to b«‘ fallacious, and it 
appears possible that these were advanced only to o\erc{)me certain 
difficulties attached to the patent protection of his process. 

The process was installed in a somewhat modified form by Sajiosh- 
nikoff at Kharkoff in Ku.s.sia, where an overall efficiency of ov(*r 92 percent 
has been claiim'd. Kecent experiments have also indicated that higher 
rate.s of gas flow and a conse<juent greater (Hitput per S(juare font of 
converter area are obtaiuabh' with multijile gauze.s, although the actual 
output per grin, of platinum is som(‘what lower. Tin' average yiidd 
per S(juare foot of eouverter area with two gauz(‘s p(‘r 24 hours is 1*5 
to l-t^ im’tric tons of nitrie acid (in all <*a.S(*s cal(*uiatcd as KM) per cent). 

Small plants using two or more gauzes an’ already installed in 
England for the supply of oxides of nitrogen in vitriol chambers and 
ari’ giving 93 per cent yields continuously. 

Ill modern plants jirohoating of the gas mixlun* i.s emjiloyed. It i.s 
found that the oj'timum temperature of the platinum gauze is ca. 1 100 
Taking the mean .s[KH‘ifu* heats of the products of oxidation as follow's : 

0.88 02-4*00 N()-7*r)0 H.,0---9*20, 
th<‘ h(’at (•ont('Mt of a 1 : 1 1 NH^, air mixture after eombu.’^tion will he 

;8*f;9X , )- 1 *000., + J *.51120 + no; t - 85*8 t. 


Hence, since tli(‘ final tmuperature mu.st be IlOO ('., and since 54,0f)0 
eals, are evolved per grm.-mol. of ammonia burnt, we obtain 


1100 


r)4,0fK) 

“8r)-8‘ 


--=%() 


V 


as the optimum tem[)eratnre of preheating. 

A modern form of teeliniral converter unit shown in the illustration 
(Fig. 9) is de.scribed by Partington ' a.s follows ; It e«)nsi.sts of a top and 
bottom cone, with three rectangular body pieces In’tween them, all in 
cast aluminium 1 inch thick, the rectangular area cxpo.sed uK’a.suring 
4 inches by f) inches. The pieces are jirovidi’d with flanges, j inch 
wide, to facilitate bolting together, and tliree jierforated baffles are 
inserted in all the junctions except that between the top cone and the 
top segment of the body, which is occupieil by the catalyst frame. 
Though each cone possesses a sight orifice, Ij inch in diameter, for 
reasons of standardisation, that in the top cone alone is used, and is 
provided w'ith a mica window for inspection of the catalyst. Aluminium 
bends of 2 inches internal bore provide inlets and outlets for th(‘ mixture 

1 J. Soc. Ckem. Ind , 1918, 37, 337. 





pbf air and ammonia at the bottom, and the oxides Or nitrogen at tha"; 
top, respectively. The overall length of the converter is about 4 feet 
and its weight is about 32 lbs. ; 

The air supply is obtained from a blower, and it is essential that 
;*the air and ammonia should be well mixed. If ammonia gas is used, " 
it may be injected into the air stream through a nozzle, after both 
gases have been measured. In technical practice it is more convenient 
to use purified ammonia liquor containing 25 per cent of ammonia, 
which is now a commercial article. The air is passed, together with a : 
small amount of steam, into the base of a coke tower down which 
this liquor flows. The mixed gases are cooled in the upper portion of 
the tower, where the steam is condensed. The mixture of air and 
ammonia should be filtered, either by passage through a length of coke 
packing in the upper portion of the tower or through a filter packed . 
with glass wool, which removes particles of dust. Oxide of iron 
particularly must be eliminated, as this has a deleterious effect on the 
platinum catalyst. 

The most important part of the apparatus is the catalyst, which 
is fixed between the upper cone and body segment. It consists of one 
or more gauzes made of pure platinum wire, stretched across the con- 
verter at right angles to the gas flow. The wire used is 0*0025 inch in 
diameter, and is woven into gauze with 80 meshes to the inch. The 
gauzes are mounted in an aluminium frame. The reaction occurs 
during the very small interval of time in which the gases are in contact 
with the catalyst. 

The operation of the catalyst must be initiated by heating the 
gauze, either by means of a non-lumiuous gas flame or by beating 
electrically with suitable current conducted through leads attached to 
the opposite edges of the gauze. When the first method is used, an 
orifice is provided in the upper body segment just below the gauze, 
which admits of the introduction of the flame, and is closed when the 
converter is in operation. The converter figured is provided with leads 
for electric current. When the reaction begins, the gauze is maintained 
at a red heat by the heat of oxidation, ami the conversion proceeds 
uninterruptedly as long as the supply of air and ammonia is maintained. 
The platinum gauze may be used for about three months, after which 
it is desirable to replace it by a new gauze and to clean and refit. New 
gauzes are not very active at first, but acquire their full catalytic 
activity after a few hours’ running. 


The Catalysts employed in the Oxidation op Ammonia 

Platiniun. — It will be noted that all existing technical ammonia 
oxidation plants employ platinum ^ as a catalyst, and many interesting 

^ Aeoent information from Clermany indioateti that tho oao of non-platinum oatalyaU ha# 
boon largely developed during tho laat two yea«.-*~E. K. R, ^ 
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observations liave been made as to the catalytic activity of platinum 
for this purpose Kuhlmann, m 1839, first noted that platinum sponge 
was more efficient than platinum black for the production of oxides of 
nitrogen, but that larger yields of nitrogen were obtained with the 
latter Bright platinum is scarcely active Ostwald and Brauer ^ 
continued Kuhlmann’s researches and showed that the optimum results 
were obtained when bright platinum was coated with an almost in- 
visible film of gri'y or black platinum and that only a short jieriod of 
contact was necessary, i.r 0 01 second Schick, in I1X)7, noted that 
platinised porcelain, of which the ghue was slightly fusible, permitting 
the coalescence of the platinum into minute droplets, was extremely 
active, and recent photomicrograph ic investigation of jilatmum gauze 
also indicates that there is a gradual increase in catalytic activity 
associated with the formation of minute craters on the metal, the li[) 
of each crater being just tinged with “grey” or ‘ black” platinum 
By the us(‘ of such an active net the jieriod of cont.ict may be reduced 
to as low a figure as OtKKIfi second. The illustrations (Kig ]0) given 
show the changes m structure of a gauze during use 

It seems jirobable that the black or grey |)latinum is the active 
catalyst, but when present in large (juantities it is liable to cause the 
formation of nitrogen either in the primary oxidation of the ammonia, 
or, as seems more probable, due to secondary deeomjiosition of the 
nitric ovule 

Poisons. - Small (piantities of hydrogen sulphide rajiidly poison the 
catalyst, but when the impure gases are replaced by puiified uinmonia- 
air mixtures a paitial recovery of the poisoned catahst alv\a\s lesiilts 
In the other cases of poisoning this protess is, however, quite irn'\ersible 
As an example the following data for acetylene jioisoning mav b(> noted 

'1 line I’cr < I'lit \ oluiiic (k r cent 

AliniilcH eiolil Id'Uloni' 

0 93 0 0 

Added (Nt 

20 92 « 

215 91 4 

.32 S7 8 

.5.S 72 3 

linjHiiit} lemowd 
78 71 9 

2(M) 71 4 

Whilst both hydrogen sulphide and acetyfime are removed from the 
platinum surface and thus do not elfect poisoning by covering the 
surface, they effect a partial fusion and crystallisation of the surface 
and thus diminish the catalytic activity 

Phosfihiuc exerts a marked partially reversible poisoning action , a 
content of only 0-00(X)2 jicr cent by volume will reduce the yield by 
no leas than 20 per cent On recovery a net yield of 80 per cent as 
compared with an original of 03 per cent ran be obtained. 

* Chem Zul , 190 , 3 . 27 , 100 . 
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taming as impurity 0*38 [ler rent 02112 and (KKK)2 per emit PH^ will 
reduce the yield from 93 to 7 (i jier cent m one hour On the addition 
of 0-02 per cent of II2S the yiehl commences fo rise and will reach 
8 G per cent in less than two hours 

Non-volatile impurities, c i/ sdica, ammonuim phosphate, dust, 
oxide of iron, and tin' like, must natnrallv he rigorously excluded 
J'robahly for this reason platinum impregnated on pumice or asbestos 
has a remarkably low efticieiiey 

Non-platmum catalysts. Knhlmann, 111 18 . 3 'i, noted the (atalytic 
activity of oxnb'S of copper, iron, and nn kel for this purpose, whilst 
Du Motay ' pro|>o.sed the use of alkaline manganates, peiiiianganates, 
bn hromates, and plumbites 

(kstwald and llrauer, 111 the sern's of nseanln'S [)re\ loiisU alluded 
to, indicated the activity of the oxides of manganese, lead, siher, 
cop[)er, elirominm, nn ke| (obalt, vanadium and molvbdemiin, luit 
stated that they wen all inlern)i to platinum in catalvtic aitivity 
Frank and ( 'aro pioposed t he iisi' of < ena and tlioria, w hilsl W'eiidriner 
suggested the bhu k oxide of uranium, 

During the peiiod of the war, reseaich 111 tin' utilisation ol iioii- 
plalinnm latalysts has been exlrenieh aitive. espeiially in \ineri(a 
and (lermaii), where the dearth ot platiiiuni was .somewluil .niile 
Although no non-platinnm latahtic piocess ha^ been assured ot 
technical de\elo[)meiit,* iievi'rtheless the results obtained on a small 
scale are snfin leritlv encoiiragiiig to jiistilv (hen i oiitiiiii.iin e 

Jones and Morton m t he I'li it ed States havereinvi'stig.iled Du Motav 's 
alkaline plumbiti's, espeeialK those of magnesium /iin (adiniiiiii and 
aluminium, with success Their leac tivitv towards nntals and .ill lorms 
of glass and silnaat high (einpei.itiiies isthechief oh|ection to (hen use 
In England, .Maxted ^ h.is investigated the Use of oxides ot non 
admixed with i erlaiii pioinoteis sin h as cojiper oxide, lime, 01 bismuth 
oxide He has shown that the (onversion of ammonia-oxv gen mixtures 
can be accomplished in heated tubes, s|)eciall\ activated on the 
inside, with more than a *.l(t per cent elliciencv The short life of the 
catalyst under these conditions is the chief drawliaik to his pioress 
The use of oxygen in.stead of air is obviously onlv permissdile in con- 
pmction with a .synthetic ammonia plant in whn h the oxvgen fiaition 
from the Inpiid-air plant u.sed in the [ireparation of the nitrogen would 
be ax ailalile 

The Uadische film in (Jermaiiy have investigated the efleit of a 
great number of jiromolers on active or feebly aetive cataivst.s, such as 
tellurium and lead o.xide.s on platinum, bismuth, chromium, and cerium 
oxides on iron oxide 

The yields under a]»|)roMmak'ly identical conditions for a number 
of .such mixed oxide catalysts are given 111 the following table 

' ni> nil, 1871 R !• 

' Si>o iJHif, ji 170 ' (hrm , 1917, 36, 777 
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ut 

Vor (-(‘nt ^ kUF 

Mi\ed nvidf' of 

IVr fi'iit yields. 

i-'*' 


K('sn 

. S2 5 

KrBi . 

94 0 

: FiFr 

. S2-0 

Fc( 'll 

. 92 0 

1 FrlMi 

S9 S 

Fc('.> 

. 90 0 

j F(cMii 

. 79 0 

FrW 

S9 :t 

F<'Zn 

liT-O 

F.-l'li 

H:-;t 

l'e(’ft 

(itO 

FrK 

. a-A 0 



It will be at onee 

I'vident that 

“ oxygen carriers ' 

' ajipear to la* the 


sntr f]ui( noil f(tr aininonia ovidaliori. aixl thr oiiliaiK'cd activity of 
binary and rcrnary mixture?, of flie oxides of those ('h'lm'Mts wliicli 
|)o.ss('ss at least two or more wtdl-didined oxides indicates somi' relation- 
ship in this eas(' b(‘tw'een the catalytic activity ami the })rcscnc(' of an 
oscillatine hieloT and Iowit oxide functioiiiiie as an oxy^nm carriiT. 
The presence oi a number of oxides ('vidently increases the tmnperaturo 
ranee of (‘utalytic activity bv allectine tin* stabilitv of the oxides. 

It IS interest me to note that chromium o\id(' e\ chromium salts is 
practie.illy inert, but the oxide obtained b\ the ienition of ammonium 
biehi<imat(‘ exerts a \n‘rv marked catalytic ,ieti\ity 

The observation of Ostw'ahi and Hram'r. namely, that the period 
of contact with non-plat inutn catalyst.s must consideraltlv exci'cd that 
necf'ssary for platinum, has been repeatislly (onlirmed Tin* jiractical 
diflieultii's associated with the uniform heatinit, and at tlie same time 
ensuiine a uniform stream line flow’ throueh a shallow' Ix'd of small 
brnjuettes OI powders of such materials, also presents ^M’ave technii'al 
disadvant ae(‘s 't'hese, liowr'ver, seem to have been ovenome m 
('(‘rtain Cennan factories 


Thk Oxida I ion ok llvomx iii-ouk' .\('ii> 

For rh(‘ maiiiifai't lire of bhaiehine jiowder, by the absorption of 
chlorine eas in slaked lime, larj'e (pi.intitie.s of chlorim* are anniially 
consumed, and conscipiently tin' I'conomical pnxliiction of chlorim' 
becomes one of the si'rious jiroblenis confrontine the alkali industry in 
its course of <levelopment 

In the Leblanc soda proci'ss was intnxiina'il into England by 

Miisjiratt At first tin' hydrochloric acid resiiltinj' from the salt-cake 
jirocess was turned into the air, but. owine to the pressure of the 
Alkali .Acts of J8GA and LS7}, as well as tin* serious competition of the 
Solvay ammonia-soda jirocess introduced in IHtiO, the utilisation of 
hydrochloric acid in the most jirofitabh' rnantn*r beruirne necessary to 
ensure the financial stability of tin* ohh'r Leblanc process. AVith the 
increasing extension of electrolytic methods for the jiroduction of soda 
from salt and the displacement of bh'ac hmg jiowder by liquid chlorine 
in the indiistrie.s, it ajijiear.s jiossible that the final deyelopment of these 
processi's ha.s now' been reached. 

The Deacon process. -The possibilitie.s inherent in the oxidation of 
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hydrochloric acid by means of atmospheric oxygen attracted the 
attention of inventors at a very early date, notably Oxland in 1840, 
Vogel and Thibiergc in 1855, and Binka in i860 It was not, however, 
until 1868 that II Deacon and F Hiirter established the process as a 
latisfactory technical industry. 

In its earliest form the hydrochloric acid from the salt-cake pans 




was mixed ivith four volumes of air and passed through iron siipor- 
lieatera to the contact chambers The contact chambers or decom- 
posing towers were iron cylinders about 12 feet wide filled with broken 
clay brick impregnated with cuprous chloride (Fig 11) (the brick 
containing from 0-6 to 0-7 per cent of copper as the chloride), main- 
tained at 500^' by the waste heat from the sujterheaters. About two- 
thirds of the hydrochloric acid was found to be oxidised according to the 
equation 

4H01 + O2-2H,Ou2C4. 
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Condensation of the steam and unchanged hydrochloric acid was 
effected in earthenware pipes, whilst the residual 5 per cent to 10 per 
cent of chlorine gas was dried in sulphuric acid prior to absorption in 
slaked lime. 

Several technical difficulties were inherent in the earlier plants, 
notably the. loss of most of the “ pan acid ” and all the “ roaster acid ” 
from the Leblanc process, the impossibility of obtaining a continuous 
^ supply of gas, the rapid poisoning of the catalyst, and the v'ery indilferent 
yields obtained. 

Haseiiclever, in 1883, introduced the method of ])urifying the 
hydrochloric acid by absorption in water and blowing the })uritiod gas 
out again by air in the presence of sulj)hiiric acid. A sulphuric acid 
drier for the gases prior to pa.ssage through the snj)erheater was simul- 
taneously introduced. By this method a continuous supjdy of pure 
ga.ses free from poisons su<*h a.s sulphune acid, K(‘C 1 . 2 .S 02 »^‘'’ 2 ^^:e 
carbon dioxitie was thus obtained. The life of the catalyst was extended 
to from ten to twelve weeks, and more than 12 tons of bleaching powdtT 
could be prepared with the lo.ss of only 1 ton of impregnated clay. 
Subsef(U(*nt improvements in the yield were made a.s a result of the 
investigations of J. 11. Harkor,^ Lunge and Marmier,^ (1. N. Ijcwis,^ 
and Vogel v. Falckenstein.'^ 

It was evid(*nt that the pnx'e.s.s involvi-d the partition of hydrogel 
between oxygen and chlorim', the reaction 

4H(.'I I ()„.f:■^2(,'U^-2llJO 

being strictly rever.sibh*. Also the function of the cuprous cldoride 
wa.s slioun to be purely catalytic in establisiiing the equilibrium at the 
temporatun* of operation. 

The values of the equilibrium constant at different 

temperatures were investigated, using the dynaniic method by von 
Falckenstein, who pa.ssed different gas mixtures of the, four constituents 
over cupric chloride and platinic clilorhle catalysts, maintained at 
suitable temperatures in an electric furnace. (L N. Lewis utilised the 
static method, obtaining equilibrium when commencing with mixtures 
of hydrochloric acid and oxygen. 

The following results were obtaine<l : 


Temperature. 

•jrtjo 

log K. 

SaO 

J-90 

419 

1-52 

450 

1-40 

600 

0 

650 

-0-4 


’ ZfUacA. phy/nkal. Chem., 1892, 9, 673. 
» J. Amer, Chtm. Soc., 1906, 28, 1380. 


^ ZeU«ch. ajigeu\ ('hern., 1897, 108, 

* Zetlndi. phyaikal. ('hem., HK19, 65, 371. 
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If the licat of n'liotion Q cals) be a^siiiiicd to be iti- 

(lepioident of the tem[ieiat(ire, Lewis showed tliiif the values of K at 
various teiiijieratiires could be cahiilated from the follow ini' equation 




bO‘fb 

T 


7 24 1 


The nsiction iiiav of course be (oiisideKsl as the (oinbination of 
two siiti|)lcr nsK lions 

2 fU)^,-> 2 ll,iO„ 

211 ( 1 ^..^ Il.t-Cl,, 

if h\ ^''AaiidA', I'li 

Plio ' Pini 
then h'ttn, A' - 2lof.q„ AV 

Adoptiiif' Neriisf and Warteiiberff s lijriires loi the dissix lation of water 
vapour at hi^di tcinpeiatiiies 

loe,o A'l f I i"K,(i T I t' "<'028 7 ' (I 2 , 


and ciniiloviiie foi A’^ the value lioin the ( oi responding m\(‘sfiu,itions 
of Dolczalck and liowi'iisteiii on (he disMx lafion ol tivdioi liloru a( id 


it follows that ‘ 


l.)e,„ A, 


8 () 2 t) 

T 


0 't, 


57;)0 

T 


7r>io^r (M)(K)28 7’- 1 i 


Either of the above (Mjiiations ene.s values of A wliuh ap|uoAini,it<‘ 
verv elosely to lh(‘ obseived valiu's Neinst •* j^ivi's tin following 
ealeiilati'd values, in_ dose agreenient with the det<'iminations of 
V lAilekeiislein 

1 1 i.itiin Idt! /' 

tell I r.ii 

liOU (KKIU 

Oad 

Tin fraettoiial coin ersioii of hvimi hlorie acid in drv air into chlorine 
can be calculated in a similar manner to that det.iiled in the o\idatioii 
of sulphur dioxide bj the contact [iroeess If j be th(‘ percentage of 
the hydroehloiie acid, it. is easily si'cii that 

VA' . V, . 

e*,, 2 (i-a<'t. 

Excess of oxygen is thus boiidicial to the vield of diloriiie, but the 
conversion is not appreciably alTected b) slight alterations in tin' air 


Aptilicaliim of Tlt>rmo<lyrmmiC'< hi ( htmisinj, SS 
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supply owiiis; to tlu* (l(‘p('iKl(‘n(‘<* of tlu* ofpiilihriinn on the fourth root 
of tile o.vy^eii ])ressure only* 

The increase in tin* values of K with (hvnaiso in li-niperature pointed 
to the neeessity of fuulinj; suitable eatalytie material for inereasin^ the 
reaction vi'locity at low t(‘inperatures. No catalyst has as yet been 
found superior or (‘ven eijiial to Hurler and Deacon's cuprous chloride. 
With piiniice impregnated with cuprous chlori(h‘ Liin^n- aiul Marmier 
found that catalysis was already coniniencinjj[ at dltr', but the reaction 
velocitv was still very .slow Ix'low •llHI'’, At irKt-lbo" the reaction 
velocity IS siilliciently rapid to ^i\e a satisfactory yield under technic'al 
workinij; condition.'?. 

Hurter sutijre.stisl the use of cuprous chloride* from a survey of the 
heats of formation of the chloride's anei o.xiejes of the varnuis eh'me'uts. 
sheewiiiLt that nei e»the>r eh'ine'iit e'Xe'e'pt e-eippeT leirnie'el eexieie's ami 
chleirielcs in whie li the' cennbinat leui was eel .so loose a e'harae'te'r ‘ The 
me'e'liaiiism of tin* re'action ac(‘ordin{.' to De'ae'on is ba.se-el em the* feillowiii}; 
cycle 

2(’u('lo - ('u/’l.> I (1,. 

Cij./'L i 0 - Cut), (’lid... 

Cu,,(’LO i2Hd 2('u(’L I H.O 

be‘\i ami Ih'ttetni. as the* re"'ull of a se'rie's ei| e*\pe>rime*nts wit h varienis 
catrilvsts." sue'h as ('uClj. (’uSO^. Mn('b. ami hot pumice, 

arrive'ei at the* eetnclusiem that the* e'\t rae-1 leen of uate'p was the' chie'f 
tunctieeiiof the* catalyst, ami that te*m)>eerar\' hulrale bennation playe'el an 
impe»rtant rob* in the procecss : 

('uSO, - 2Hdi (). -(‘iiSO, ,}{./) t (’L 
(’iiSO^.H.O -CiiSOj e ILO 

»Subse‘(|U(*ntly t!ie oxychhirieh*, CiiO.CuCb, was i.solale*ei anel the* oriffinal 
VU'Ws etf De'aceui aile] Ilurte*r r(*ce*iveei flirt I mt sujejieirt 111 the* di.SCOVeTy 
that imist substanee.s cajiable* of feirmmg eexychherieies we-re- eaitalylii'aHy 
active. There' is .some evidence, howe'\er, that the* whole* of the 
catal)st IS ne»t ronverteel to the* oxye-hherieb* at any .stage* in the 
proe-e.ss, suggesting that the oxiele* leeii enters he*re anel the-re into 
the lattiee* of the* ciijirous e hioride*, and is then again rej»laee*d. 

Kalcke-nsteiii drew atte*nrion to the nece*ssity of e arefiilly drying 
the gases l»t*fe)re catalysis, anel he* showe'd that if the ellliient gases 
we-re dried by sulphuric acid and again ])as.se*d ihrougli the* catalyst the 
conversion wemld rise from 82*5 to 80 per ce'iit, and on a furthe*r pa.s.sage; 

to 8{S p^.r cent, owing to the shifting of the ecpiibbnum ratio, - , liy 

‘ >2 

the abstraetion of the water formed during the reaction. 


./ .SV, Vhtm. Ind, 188;i, 2, 106. 


* (SatzfVa. lOlK"., 351, 320. 
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The two technical difficulties associated with the use of cuprous 
chloride as a catalyst are its sensitiveness to poisons and its volatility 
at the lowest working temperature, 450° 

Hasenelever’s method of purification of the hydrochloric acid effects 
a very considerable improvement in the juirity of the gas, but sulphur 
dioxide, as well as sulphuric acid spray, are not entirely eliminated. 
Kolb, in 1891, suggested tlie fiirtlier purification by passage over hot 
salt maintained at 450°, whereby sodium suljihate was formed, and a 
small additional ipiantity of hydrochloric acid would pass on with the 
main gas stream 

Ticss volatile but more inefficient catalysts than cujirous chloride 
have been proposed from time to time, but owing to the bad yields 
resulting from the higher tmnperatures employed they have not found 
technical ajiplieatum 

Amongst the more important may la* mentioned ferric chloride, 
suggested by Thibierge m 1855, and [ilatinised asbestos, liy Weldon, 
1871 Hargreaves and Robinson (1872) suggested chromic ovide, 
Do Wilde and ll(‘ychler mixtures of manganese and magnesium 
chlorides, in which a complex oxide was assumed to be an inti'rniediary 
ill the cycle of reactions • 

3Mg('l,. f3Mn(:i2+4(L-- MiijMg^O. + tKV 

MnjMg,,084 l(ilI('i--3Mg('l, + 3Mn(L 1-811,0 + 2(12 

Ditz and Margosclies, in 1904, emjiloyed the chlorides of the rare earths, 
whilst Dieffenbaeh, in 1908, suggested the doulde chlorides of coppi-r 
and other elements 

Mond^ pfit forward a somewhat ingenious scheme to obtain more 
concentrated chlorine gas than that obtained m the usual Deacon 
process. If air and hydrochloric acid be passed alternately over heated 
nickel oxide deposited on pumice, the oxidation of the hydrochloric 
acnl can be made a two-stage proce.ss through the intermediary forma- 
tion of nickel chloride, winch is reconverted into the oxide by the air 
The idea does not seem to have been developed 

The Weldon process. -In 1869 W Weldon'^ introduced, at 8t Helens, 
a process for the oxidation of hydrochloric acid in solution At one time 
tlie process had a very considerable industrial importance, but is 
now being supplanted by modifications of the Deacon process already 
described. 

W'eldon’s process suffers from the disadvantage that nearly 60 per 
cent of the original hydrochloric acid is lost in the form of calcium 
chloride, in addition to 3 per cent by weight, on the chlorine obtained, 
of the catalyst, manganese dioxide (pyrolusite) ; but its development 
was doubtless due to the great advantage it possessed over the DeaCon 
process, in that the chlorme gas evolved was very concentrated The 
^ IBP. 17272/188S > B P 8308/1886 
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metjfod of technical operation is as follows : hydrochloric acid, approxi- 
mately 30 per cent strength, is first oxidised by means of manganese 
dioxide : 


MnOo + 4HC1 - Uni\ CL, + 21120. 


Tlie spent manganese chloride solution is then carefully neutralised 
with limestone, and after removal of any ferric hydroxitle by ])re- 
cipitation, is made alkaline by the addition of milk of lime. 30 per cent 
in excess of that required to precijiitate all the manganous hydroxide 
being addiul : 

MnCU t CafOH)., -MnfOlI), f Caf’l.,. 

The Weldon “ mud " is now aerated at fiO'^-Ol)' for several hours, 
caleiiini manganate being linully precij>itat(‘d : 

2Mn(OH)2 I 0, I Ca(0n)2-(’a0.2Mn02 enil,!). 

On the a<l(lition of more manganous chloridi' and linn* during the 
process of aeration, a further oxidation ensue.s : 

2CaO . MnO, 4 2Ca(OH)2 + 2MnCl2 f 0., 

-2(CaO . 2 Mn 02 ) 4 2 Ca('l 2 i 2 H 2 O. 

]t will be inded that when the regenerated manganese dioxide is used 
for the oxidation of a fresh (piantity of hydrochloric acid a V(>ry con- 
siderable (jiiantity of free base has first to be neiitralisi'd, thus again 
lowi'ring the oonv(*r.sion (‘flieieney of the pr<)c«*ss. 

The mechanism of the proce.ss depends <*.ssentially on the us(* of the 
manganese salt as an oxygen carrier. .Vlthough we can show from 
the jirevious considerations in the Deacon proce.ss that atmosjiheric 
oxygen should be able to di.sjdaee the chlorine from even w(‘ak solutions 
of hydrochloric acid, no active cataly.st for this reaction has yet been 
found. If we extrapolate from v. Falckenstein's figures, the* })robable 

value of obtain a \aluc of K -10'^. The 

solubility of cldorine gas under 1 atmosphere is about J grm jx'r litre, 
and of oxygen under two-fifths of an atmosphere O-tKjT grm per litre, 

or r|r!f 72 bi a liquid saturated with both gases at the resjiective 

pressures ^ q approximately. Hence 1 0“^ x 0-()H5 ~ (la 1 0®. 

That is to say, the dilution below which atmoHph(‘rie oxygen would bo 
inoperative in displacing chlorine from hydrochloric acid is remarkably 
small. 

Weldon relied upon the preparation of a more active oxidising 
agent than atmospheric oxygen, so that the oxidation of the acid might 
proceed at reasonable velocities. The method by wdiich the oxidising 
power or oxidising potential of atmospheric oxygem is raised above its 
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€H 


iHrrmal valuo at tlio oxpmso of tlio cnorgy lost in tlic comlHnalion of 
till! anil with the free alkali, is an intcic.stinii; onn 
W(‘ may writi' flic oxidation reaction as follovia 
MnO^ h'iH/) Mn(OH)^s 2(011)' 4 2 

Mn- 4 2(OH)'4 2(Oil)' 12({' 
The potential iIilTeronfe between an (MnOJ eleetrode iinmeraed in the 
Weldon mud and the aolution itself is given by the equation 


HT (MnO.llIEOp 

2c ‘"«iM„j()ll'r ‘‘‘‘ 


RT 


hig A' 


lf« 

.Mn ’ 


sinee IMnO^I and (ICO] (an lie assumed to be constant 

If this I'leetrode be coupled up with an auxiliary oxygen edeetrode 
in a neutral solution, negleitmg the l‘ D at the boundaiy of the 
Widdon mud and the eleitrolvte Mirroiindiiig the oxvgen eleetrode, 
the KMF of the cell thus set up is oblainable from (he following 

ISO, I M„(OII), I 

A’l A',, 


r A, A, 


RT 


log 


I! ' 
Mil 


The value of A,, is a|iproximalelv 1 22 volts, taking p as 1 atmosphere 
and a iiiuitral elect rolxte 

The value foi A'^caii be obtained Irom the inveslig.itioiis of Towei ' 
liiglis,“and llaelinel,*and may be taken as equal to (he value R\^ I Ti 
volts 
ll.mee 

RT II ^ ' 

A,- A, -122-idr. f .'^(logir^ iog,^j^^ I 


... A 7’, 

0 Id ( , loj. 


Mu’ 

IP 


0 Id I log Mil (OII'C 


where ( is the value of (he product C|( f 'oii ‘ Cn" iii pure \\a(ei 
In a neutral solution the soliibild) eoi'lln lent Mii (Oil')- 1 s lO 
approximately 
lleiK^e 

4 V Id 

A, -- A, - -01 13 t 0 ()2i) log Hx. ^ ^ 

' ' ' (0 .) X 10 ”)“ 

In a similar manner we can calculate the P 1) of the cell in normal 
hydnon concentration and with a normal Mn" concentration 

V --=-0 13 1 ^ log Mn" - ^2 log IP -^-0 13 

2€ 2e 

> 7(iOfA pity/idiil Vhrm , 180."), 18 17, 18 “ Zfilsrn EUkIruchem , ISKia, 99, 220 

» Ihid , I'Hll), 16, 824 
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For a normal Mn"*’ roncontration tli(‘ P.D. would olKiously l>o nimdi 
groater. 

Thus in acid solutions the oxidising potential (d the MnO^ eh'ctrode 
exceeds that of atmosjdu'rii* oxygon ami necessarily that of chlorine, 
sinc«* in //-hvdrion concentration the cell, I’tO.^ CL J’t. has an K M F. 

I’l I’o * III;; ‘‘ " l-l't:! o-.t') 014 

indicating that tin* manganese “ mud " has an oxidising potential at 
least 0-27 volt higher than tin' liberated chlorine, thus giving a measure 
of the energy available for oxidatnm of the hvdrochlorii' acid. In 
neutral solutions the mangam'se " mud ' posst'S^'s an oxidising potential 
inferior to that of oxygen or of chlorine 

In aitiial }tiaetice more alkali has to be a<lded than is necessary 
to ensure tin' oxidation of the manganous salt In tin' I'arly ex]M'ri- 
nients of Weldon. led s(*lutions wi're occasionallv obtaitu'il during the 
process ot oxidation, and it was fouml that the <juantity of manganese 
dioxnh' formed (iuring aeration was \ery small It was linully shown 
that the p'd colour wnis dtu' ti* the formation of niaiig.inoiis manganic, 
oxide, owing to a defii'iency of bas<'. aM-onbiig to the inli'raition 


MnO, t jn,0,.^i.Mn.,(), • Oil' i 


where 

,, ,, irr . (\inn„)(ii,U)' 

€ ’ (.Mn , (>_()-'(( Ml') 



or 



Other processes for the oxidation of hydrochloric acid. Owing to 
tilt' inelHcieiicy of tin* Wt'ldon prot't'ss from the yu'ld point ol \n'W, tin' 
invt'iitor and Pechiiiey expt'rimt'iitt'd for man\ vt'ars on tin' production 
of chlorine by the aid of tin' following cyt he process 

4Mg(T, } 2H.0 f O.,- tMgO ; IIK'I • 2(1,. 

‘.MgO"t 2ll('i Mg('L*ll,0 

A jiure magnesium chloridt' was not utili.sctl. but tin' crude ln[Uor after 
evajioration was mixed with tin' retjUin'd amouiil td powih'rt'd niagnt'sia 
to form the oxychloride. ,MgO..Mg('L. prior tt» diving at d(Hr'. The 
chlorine and hydrochloric acid together with somt' steam wt're removed 
by an air blast at I (KM)' . 

Aiu)th('r ingenious jiroce.s.s which has bet'U tin' subject matt t'r of 
various patents involves the following cyclic proec.^s. m whii'h oxiiles of 
nitrogen jilay the part of catalysts, as m the sulphuric-acid lead-chamber 

J)r(>C, S3 : 

IINO. + XOCl ^NjO, ^ HO. 

NjU,-* 2 IU'UNjO, 4 H^O t Clj, 

Nj 03 ^H 2 + H20 = 2IL\(V 
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This u1p;i, developwl hy Dunlop in 1849, together with the Weldon 
Ih'chiney proress outlined above, does not appear to have received anj 
considerable technical development 

'I'liK Fkaotional Comjujstion Of Hvdkookn SrrauriDE 

We have already indicated the. technical significance of the catalytic 
processes employed for the oxidation of sulphur dioxide to sulphuric 
anhydride A great part of the dioxide utilised for this purpose is 
deiived from the combustion of natural sulphides, ospecndly jiyntes 
and blende, or from artificial sulphides such as gas-works spent oxide 
yet a certain quantity is always obtained from the combustion of 
elementary sulphur. In 1882 Claus introduceil a method for the, 
fractional combustion of hydrogen sulphide into sulphur and water, 
thus jirepanng suljihunc acid by a three-stage jiroeess 

(1) 2H„8 fO, -211,0 t2S, 

(2) 2St20,--286i. 

(8) 2S0.-i-02 4-lf,(i---H,S0, 

It has been suggested that the eombustion of liydrogen sulpliide to 
stil])hur dioxide could be accomplished m one .stage, wliieh, m the 
])rescnO' of excess of air, could be used directly for the, prepar.ition of 
sulpliunc acid This idea does not seem to have reeeived any technieal 
development, chiefly on aeeount of tlie very large (|uatitilies of diluent 
nitrogen present in the resulting sulpliur-dioxide gas mixture 

The (flans process, however, m the hatuL of A M Cliaiiee, lias 
been develojieil, and at the present time is the most satisfactory method 
of dealing with tlie alkali waste of the Lelilane .soda process 

Alkali waste contains .some 40 per cent of calcium sulphide, 20 per 
cent of ealeium carbonate, and JO pet cent of lime, the residue eousist- 
ing chiefly of silicates with small ipiantitics of sodium carbonate and 
iron sulphate Chance modified Cossage’s (1838) process for the pro- 
duction of a gas rich m sulphundtcd hydrogen by decomposition with 
carbon dioxide Carbon dioxide from lime-kilns is passed through a 
8(‘t of carbonating towers through wliidi a suspmision of alkali waste 
flows III the counter-current direction In the first tower sulphuretted 
hydrogen is evolved according to the equation 

Ca84 11,0 t-COa-CaCOj t-lLS 

The hydrogen sulphide diluted with tiie nitrogen in the original kiln 
ga.s passes to tlie second tower, in wdiich the hydrogen sulphide is 
absorbed, with the formation of calcium hydrosulphide 
CaS-hHiS-HaCnSj 

On carbonating this solution a gas containing twice as much hydrogen 
sulphide as was obtained from the first tower is evolved and collected 
in gas-holders over water covered with a layer of oil 
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The sulphuretted hydrogen thus obtained, of about 38 per cent 
purity, is mixed with air in the ])roporti(>n of 5 volumes of gas to 4 
volumes of air and passed into the Claus kiln for fractional combustion 
into sulphur and water vapour. 

The Claus kiln con.si.sts essentially of a fire-brick cylinder containing 
a grating on which the catalytic material, usually bog iron ore (hydrated 
ferric oxide ignited at a low temperature), is deposited. The com- 
bustion is started by throwing a little red-hot coal into the furnace 
and is maintained by the heat of the reaction itself. The temperature 
of the eflowing gases, one foot from the kiln, should not exceed 
otherwise a loss of sulphur occurs. The hot gases are subsc<|uently 
passed into a series of condensing ehambers. when* part of the sulphur 
C(Uidenses to the liquid state, and the re.st is recovered as Howers of 
sulphur in the condensed steam. 

In order to minimise the loss of sulphur eompounds (Ho^ or SOg) 
in the etllnent gases, the exact theoretical ratio, 0,^. nsjuinMl for 
combustion in the (Mitering ga.ses must be maintained 'the tenqx'i'al nre 
of the eatalyst is mainly determined by the spi'cd of passage (d tlu' gas.^ 

\'{iri()ns other catalytic matt'rials for this combustion process have 
been ntilisiMl, such as broken lire- brick, bauxili*, and driinl Weldon 
mud. Thon^. are, howcvi'r, two distinct advantages in making use of 
an active catalyst which will operate at low temperatures First, th<* 
life of the kiln and the comhm.sing (‘hamber.s is consid(‘rably sliortcne(l 
by high temperatun* operation, and, sceondly. above 2(X)' an inter<‘st- 
ing reverse* reaction between the sulphur and tin* steam formed begins 
to take ]ilae(' with appreciable velocity . 

21U) I- 21128*80,. 

It IS extremely probable that the flowers of sulphur rei'overed in the 
condensed water do not originate in the original condensate of sulphur 
vajioiir from the combustion jiroeess, but result from the interaction in 
solution of the •sulphur dioxide and hydrogen sulphide formed in the 
lower parts of the kiln and in tliose rondens(*rs whirli are above UXF 
to 2(KT. 

The catalytic activity of oxides of iron and manganese in tin* (’lau.s 
process is usually attributed to the property these ehunents have of 
forming more than one oxhh*. Thus permitting tin* assumption of an 
oscillating oxide acting as oxygen carrier : 

J t i 

HjS > Fe202<- Ji,S. 

Some experiments by the writers, however, indicate that iron sulphide 
is an intermediary compound in the process of oxidation, and that the 

^ See, however, Cnrpentcr aiul Linder, J. Soc. Chem. Jwl., 1003, 22, 457 ; 1904, 23, 557. 
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mechanisia of oxidation ran bo more truly reprcsontod on th»! following 
liiK's, making the Claus [irocess simply an oxtonsioii of tlio ordinary 
gas-works [iroooss of spent oxido revivification 

Ke^O,, + OH^S 4:^ 2 K(‘S F 3II3O ^ S, 
4FeSl-302^:^2FeA + '^t^ 

CATAL^SlS IN 'IllK Pl'HlFICATTON OF loH'MlN \TtN(! CaS 
AND GaSI'XIII.S FuKLS 

As IS well known, illuminating gas after lea\ing tin' .scrubbers 
contaiiiH various (piantities of sub.staiKe.^ winch are deleterious in the 
u.ses to whicli the gas is subse(iuently put Thus, in addition to 
substances like carbon dio\ide, which lower tin' illuminatnm power and 
calorilic valiK' of the piodiict, the .sciuhbed gas ma\ (ontam anything 
from 0 T) to 2 0 per cent of siilpliun'rted li\diogi'n as \V('n as organically 
(oml)ined sulphur compounds, sin li as c.ubon disiilfdinle tliiopliene, 
and menajitans, to the extent of 10 to HO grams of sulpliiir per 100 
cuiiic fi'ct of gas Such sulphur (ompoiiinls, since, on eoiiibii.stion, 
thi'y yield sulphui dioxide, an' disagreeable constituents of the final 
prodint Their removal is ( on.si'ipu'ntlv desirable Indeed the 
removal of free .sulphuretted hydrogen is ie({Uired by st.itutorv regula- 
tion Fornn'ily. also, the remov.il ol tin' (oinbmed sulphur to a (ertam 
ilegree was also re(|uin'd by statuti', but this is no longei reipiired 
In practice it is tin' custom to fret' illiiminating ,Did (ttlnT gase,s 
from sulphuretted hydrogi'ii by pas.sing them through \aiious suitably 
rnoisti'iied absorbent maten.ils, among whnh the more commonly 
employed are lime, oxide of non. and mang.mesi' dioxide m the form 
of Weldon mud The forinei removes both rarbon dioxide and the 
suljiluiretted hydiogen, togethei with a fiaction (if tin' carbon di- 
sulphide piesent Its u.si', however, is bi'coming more and more 
n'stneted, e.sjx'ciallv to .small imdert.ikings having a local market for 
the product, sinci' the di.spo.sal of tin' spi'ut lime, containing both car- 
bonate and a sludge of calcium sulphide, is both dillnult and disagree- 
able owing to the obnoxious odour which the material possi'sses The 
o.xnh's of iron and mangaiu'se are imreasinglv ii.sed, and in a manin'r 
winch mvolve.s their functioning as catalysts 

The elimination of sulphuri'tted hydrogen by means of oxide of 
iron IS carried out m huge boxc's carrying the absorbent material 
'kills IS generally employed in the form of bog iron ore, whiih, from its 
content of organic matter, is poious and thus favours ready transfoima- 
tion to sul})hide If the precipitated hydroxide' be employed, the 
material is gencralh ligliteiu'd by admixture with organic matter in 
t he form of sawdust The iiniti'rial is at all times kept suitably moist 
Absorption of the sulphuretted hydrogen involves a change of the 
absorbent from the brownish hydrated oxide to the blackish-green 
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sulphide. Ferric sulplude and ferrous sulphide and sulphur arc the 
products of the transformation, which may be symbolised by the 
equations 

Fe.O, f lU) Fe.,S.,4 4H,(), 

FeJ)., + H.d) i 311, S - ‘2FeS + 41U). 

Aft<*r absorption c(‘jises, the sulphides, by exposure to air. may be 
transformed into the original material with the simultaneous pro- 
duction of suljthur, which change may be represented by the e(piations 

2Fey% i ,30., -‘JKe.O^ + tiS, 

4FeS , 30^ - 2F<‘‘o.j c iS. 

Thus, by alternation of the process of absorptioti and of exp(tsur(' to 
air. or reviviiieation. the original oxide of iron luav elba l tiu' catalytic 
conversion of tin* sulpliuretted hydrogen to siilpliur and tlicrebv tin' 
rmioval of tin' sulphur from tin* gas As much as oO p<'r I'cnt of sulphur 
may thus he accumulated in the oxnie Ity alternation of the two stages, 
and tin' resultant material is then a convenii'iit source of sulphur for 
siiljiliiiric acid manufacture. 

In actual o])eration under working conditions, illuminating gas 
generally contains small amounts of oxygen cnti'ring tin* gas through 
leakagi's in the system. 'Fliis oxygi'ii ('ITeets. to a I’crtain dcgu'c, in 
the boxes, th(' proci'Ss of revi\ itication attaiin'd otln'rwisi' hv cxpttsure 
to air. The observation of thi-^ action of oxvgen has Icil to a d('Yi*lo])- 
ment of modern gas puriticalion in which tin' oxygen conti'iit ol the 
gas at tin' entrance to the oxide punlication systi'tn is controlled, and, 
if ncc('s''ary. air is added to the gas to be puriti('d to facilitate tin' 
proct'ss of rcviviticatnm in siln Thus, tin* process of purification 
bi'comes in (‘ssencc' tin' (atalvtic conversion, by means of oxide oi iron 
acting as catalyst, of sulphun'tted hydrogen and oxygen to sulphur' 
and water, according to tin' cipiation 

ft), t2S 1 llo.ooocals 

The advantagi' to be obtained fn»m the admis.sion of air to tin' puritic'a- 
tion systi'in is that the juiriiicrs can be worked for much long('r penoils 
without n'charging. In modern gas-works jiractice this period may 
amount to as imndi as six months per box with a system of piirdlcation 
enqiloying four boxi's in .serie.s The annuint. of oxygen added is 
H'stricted by two factors, the ililuent etb-ct on tin* gas of tJn' nitrogen 
simultaneou.sly added and the fact that the heat effect of the reaction 
may be so great locally as to cau.^ie combustion of the material in the 
purifiers, with consequent introduction of suljihur dioxidi' into the gas 
and disorganisation of the purification system. The can' reijuisite in 
this regard will readily be appreciated by tin* gas engiiu'cr who has 
knowledge of the strongly exothermic nature of the reaction, w'hich, as 
given in the equation above, amounts to 1 10,<KK) cals. 

Precipitated oxide of iron, an artificially jireparcd material, has 
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corn*- into oonsideraWe use as the catalytic material, since its action is 
found to be more vigorous than the natural hog iron ore For similar 
reasons, the manganese dioxide of Weldon mud is also employed, its 
reactivity with sulphuretted hydrogen being computed to be five times 
that of the bog ore All the materials are employed until so far loaded 
with sulphur that they are available as an economical source of sulphur. 

It IS to be pointed out that all the fuel gases of industry contain 
greater or less amounts of sulphuretted hydrogen, and are therefore 
yiotcntial sources of sulphur supply for the sulphuric acid industry 
The gasi's from by-product coking ovens are also a further such source 
Since, however, the capital outlay in plant and space for oxide box 
purification is considerable, the economy of the purification process is 
.sniiill, and these sources of sulphur have to a marked degree been 
neglected, the suljihur being left in the gas with consequent vitiation 
of the atmosphere in the neighbourhood of their combustion It is to 
be liojicd that further improvement may he eflfected in the recovery of 
sulphuretted hydrogen from all fiK'l gases, so as to render its removal 
a sound economic proposition and thereby minimise the dependence ot 
tlie community for siiljihur upon foreign sources of supyily 

Th(‘ ebniinafion of sulphuretted hydrogen from ('oal gas by the 
methods just outlined is remarkably complete, and with skilled super- 
vision the (piantities of such gas in modern illuminating gas are negli- 
gible 'File jirocess, how'ever, except when lime is employed, fails to 
bring about the removal of the organically combiin'(i sulphur com- 
])ouiids, and, in the case of lime, only jiartial removal of earfcfbn di- 
sulphide IS effected Attempts to eliminate organieally combined 
sul[)hur are almost as old as the illuminating gas industry itself, and 
as many of the suggested processes are catalytic in nature their record 
IS essential here ^ So far back as IHOG hid ward Heard suggested 
passing the crude ga.s over alkaline earth or certain metals or their 
oxides placed in iron tubes or other vessels and exposed to a furnace 
In 1H18 rainier took out patents upon a process of removal by passage 
of the oiude coal gas through heated tubes containing iron, ovule of 
iron, or iron stom*, so disposed as to present as large a surfaci' as 
possibh' In the 'fifties Thompson suggested a jirocess to operate ujion 
a teelmieal .scale, of winch the principle is merely to pass the gas o\ot 
lime heated to a dull red or much lower, or small pieces of brick or 
pumice-stone jircvionsly steiqied in a solution of the eliloride of ])latiiuun 
llowditcli, in I860, patented a jirocess for removal of combined sulphur 
by passing the gas first freed from sulphuretted hydrogen in the 
ordinary manner through heated clay, oxide of iron, or lime, the 
temperature found most efficient being between 14(F and 215'’. In 
187<i Vernon Harcourt proposed to decompose organic sulphur com- 
pounds by placing a mass of iron turnings or wire into the mouthpiece 
of each retort or by conducting the gas through heated tubes partially 

^ Carpenter, Punjicahon of Gm by Heat 
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filled with suitable surfaee-presentin" material, and a trial was made 
in 1874 of the process suitably modified for technical operation. I. von 
Quaglio, in 1878. ])ro})osed the use of heated clay balls impregnated 
with the chloride of a metallic catalyst, or such metals themselves in 
powdered form. 

All these ]>rocess(‘S are in reality sugge.stions for conducting readily 
by means t)f catalytic agents a reaction which may be illustrated best 
With reference to carlton disulphide by means of the etjuation 

(X> i 211., 2ll,S 1 (' 

I'pon th(‘ lalioratorv scale this is readily (‘tTeete<i and forms the basis 
of the IlarcourT tt'st for such sulphur compounds. .\s actually 
operated in tlie test, the gas is passecl through a heated Hash con- 
taining ])laiinised juimice Tin* <lisulj>hi«h' is decompo.scd (plant i- 
tatively. and tin' formation of sul|)huri‘tt(‘d hydrogen detiTimned by 
means of a cohmr t(‘st 

Tli(‘ installation of such a process of purification upon a large 
1('chni<‘ai scale for tlie purification of illumin.iting gas is due to Hail 
and I'apst, of the Portland (las and (’olo‘ ('o . On'gon, ISA The 
dt'Vice patented bv Hall for the purpose is compo.sed of two )ieat(‘rs 
filled with che<pier- work as in a water-gas plant, and a gmii'rator from 
which they ate luMti'd internally and alternately bv producer gas. 
Whilst the coal gas is being tnMt»'(l lor sulphur compounds in the oiii' 
heater, the other is being h<‘ate(l up by lh<‘ gas from tin' geiKuator, 
and so continuity of puritication is ensurecl. During P.Hit) ,a,s many as 
817 million cubii feet of gas were heated in this wav at an a\erag(' cost 
.stat(Ml to be .',d per I'KK) cubic feet The perc('ntag«‘ leiluction of 
combined sulphur in tin* gas 1 hroughout t he yiair av('rage(l 7(1 pm- cent, 
reducing the content ftom an a\erage <»f bit grains to 17 grains per 
ItK) cubic f(‘et The tenpau'atures (unployi'd w'en‘ high (up (o'.KM)' is 
suggested), .so that doubtless tluTe would be an accompanying loss in 
illuminating power. 'I'he p(‘rcentage lediictmn increas('d with in- 
creasing iem]M‘rature. v.irving from 20 per (amt .it 127 to 7() js'r cent 
at 701 

The work of Carpmitfu and Evans' in England upon similar hues 
may now be dt'tailed A variety of c.italvtic materials for the decom- 
jio.sitiou of lh»' organic .sul|thui b\ means of hydrogen wmc studied with - 
a vi('W to their a])]4ica(ion upon a jiracticabh* scale Among such 
materials may be mentioned fire-brick. pumi<-e, iron o.xide, platinum, 
and nickel Of the contad materials studied, pumue or fire-clay 
imprcgnatisl witli finely divided nickel was chosen as the most suitabh*, 
being the most active and not jiroliibitive in cost. After smaller scale 
experiments, a largc'-.scah* plant with a capacity of Ij million cubic 
feet per dav was erected. This was later .sujtplennuited by a jilant 

' Caijn'iiUr, .7. lAghtintj, JtlH, 126, , Kn.jii.h, •/. Six. (’ham, Ind , 34, 9. 

C» 
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dealing with 10 milfoil cubic feet per day in London and one at East 
Greenwich in hvo units, each unit capable of dealing with 3 million 
cubic feet of gas per day The gas to be heated is previously freed 
from Biilphiiretted liydrogen m the usual way and jiasscs through a 
system of preheaters and heat interehangers to the reaction chamber, 
maintained at 430', ,it which temperature apjiroxmiately 80 jier cent 
conversion of the aiiljiliur comjioiiiid.s may be obtaiiu'd The Jieated 
gas leaving the reaction ch.irabcr flows through the heat exchangers in 
the contrary direction, and permits therefoie of economy in the heat 
required to be added to the system In the East Greenwich plant 
the weight of metallic nickel employed is 1321 lbs , eijuivalent approxi- 
mati'ly to 1 lb of metallic nickel per 10,0(X) ciilnc feet of gas per day 
The daily consumption of coke for the same plant amounts to hi tons 
j)er day. i'rovision is made foi regeneration of the catalytic material 
after a period of use. This is necessary owing to the deposition of 
carbon resulting from the reaction m the catalytic material employed 
Regenmation is (dleited by blowing hot air through the system, winch 
burns olT the carbon (le|»osit from the fire-clay ball impregnated with 
nickel The avi'iage reduction of sul|ilun content m the 10 million 
eubi(‘ feet per day plant ovi'r a peiiod of sixteen nioiitlis was from 
40 to 8 grains per 100 cubu' feet, or a jienentage rediutioii amounting 
to 80 p(>r cent The etlective rediu tioii is to a certain degree goxerned 
by th(‘ siilphiii content of the gas. a maximiiin K'dintion, (spinalent 
to 81 |)er cent, being observed on a gas of 61 grains of siilphili pi'^ UK.) 
cubic ieet, the imnimiiin being 72 iiei emit on <i gas of ]') grams sulphur 
content Tin* elTeit of the jnocess on the illuminating jiower of a iich 
20-candle-po\vcr gas was s])eciatlv studied It was found that tlie 
illuminating pow'ei was unimpaired, the aveiage ipiahtv liefore and 
after tieatment loi sulphur being 20 31 and 20 46 candles resjiectively 
The cost of woiking the sulphur extr.iction process is givmi as 0 3d 
])er I1K)0 cnbii leid. including liiel nmmtenance charges depreciation, 
and interi'st The capital cost works out at fl30<) (ler million cubic 
feet of gas per day 

It IS possible that yet another catalvtic reaction may be employed 
ti'chmeallv, in the future, for lemoval of tlie combined sulpliur from 
fiii'l and illuminating gases It is well known that carbon disulphide 
reacts at suitable temperatures with water to form carbon dioxide and 
hydrogen siiljihide, according to the ecpuition 
('Sa 1-211/) -00., 1-21128 

In a French process patented by Guillct ^ this rc-action is accelerated 
catalyticallv bv im'ans of oxide of iron maintamed at temperatures 
between 80" ami 300" Reduction 011 a laboratory scale from 16 to 
4-3 grams per 100 cubic feet was claimed at 130" 

The sulphuretted hydrogen formed is fixed, however, by the iron 
^ Soc Tech, de I'Ind du Oaz en France, 1912, p 24S 
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oxide, and lienee the process, conducted in the alcove manner, must 
necessarily be discontinuous. On tlie other hand, it is known, for 
example, that in the catalytic liydrogen juoceSvS employing watc'r gas 
and steam at -W’ with iron oxide a.s basic catalytic material, all sulphur 
compounds art' converted to hydrogen sulphide in the course of the 
reaction and pass on as such with the other products. It does not seem 
unlikely, tlu'refore. that sueli a catalytie process for sulphide rt'moval 
could be operated eoiitinuously if tlie right eondilions wen* obtained. 
The reaction would possess u point of advantage over the proet'sses 
prt'viousjy ci'iisidercd. sinct' carbon dioxide, and not carbon, is tlie 
product of conversion. Tlie eatalytie mass, tlien'fore, would rt'inain 
unaltt'red and the process of aeration retpiisite in the Hall and lhi}>st 
and in the Kvans-Carpenter jiroeesses would he nnnece.ssary, In- 
tert'sting tt'chmcal dt'velopments of th(‘ process of M. Quillet, may 
thert'hire he t'xpet'ted. 

Tin; Inkli knck of (’.\t\lvsts in SruFAi'i-; ('omuusiion 

During recent \ears a eonsiderahle ad\aiiee lias lieeii made in tln^ 
teelinunil applieatitni <if the (atalytie. ])roeess of surface coinlinstion by 
Schnabel in (lermany, but nu>re esju'cially l>y Hone and his eo-workers 
in England ' 

In the preet'ding jiages wi', have aln'ady discussed tin' catalytic 
activity of ('('rtain snbstariees, notably platinum, in ]>romotiMg the 
eominnation of oxvgen and hvdrogeii as well as other conibustihle 
gasiMuis mixtuo's, and have noted that under suitable eondilions the 
catalytic- material can attain cpiite high tempe-ratnres. Thus Fletcher^ 
ap[)ears to have been the iirst to study tin' eonditions in-eessary to 
maintain the catalsst at a high tc-mperat nn- by the proc-ss of surface 
comlnistion. This investigator showc-d that it was possible by snitalile 
regulation of the eoinjiosition of a mixture of coal gas uinl air to ken-p 
a ball of iron wire eontinnouslv at a high temperature without any 
eomhustion taking place in the form of flame, provid('d that the gaseous 
mixture came in direct eontaet with the liot material. 

Hone. Ill 1902. commenced a systematic invc'.stigation on the 
influonc’e of various eatalytie niateri.als such as ])latininii, gold, silve.r, 
copper, ainl nickel oxnh-s, and magne.siaat fairly elevated temperatures, 
cirai fHX)'. 

lie noted that there was a steady iuen-ase in catalytic activity 
with elevation of the temjieratiirc and that the disparity between 
different catalytic materials diminished wdth ascending temperatures. 

As a logical scrpience to these earlier experiments, the conditions 
necessary for maintaining a catalytic material eoiiT.inuously and 

> nU. Trarui., 1906 {A), 2^)6. Ikr , 1913. 46, , 

K.l. Lfictiirp, Fob 1914. 

^ J. Gas Ltghhng, 1887, 1, 168 ; see Horn*, ioc. ctl. 


Pruc. Aran. Gas Ivnl, 1912 , 6 , r >64 ; 
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uniformly at a hi^b terujicraturc by surfaoo (’ombuhtion wcrt- 
(l('volo[)(‘d 

Rime ami M'Courl’.s carlmsl tv'jx's of apixiratus coiiHihtcd ossontially 
of a porous firo-bnc'k (liiiftliraum tlirou^li wliicli a gas ami air mixture 
in th(' eoireet r.itio for comiilete ('(iinbiistiou was foieeil b} a suitable 
injector or blower The iire-bni k (liajiliraimi rapidly attaiii.s a bright- 
red heat ami eoinpleti eombiistion is elfec ted in a \er\ thin laym of 
the diaphragm to } inch) The advantages of sm h a heater, via 
the high (‘(Ik lemy 111 the prodmtion of (‘liertive radiant energy and 
the posmbility ol tixiiig the diaphragm in aiiv position, are partly 
gainsaid by tin' m'eessitv of using either air or gas under pressure, 
and by tin* fact that tin' diaphragms are slowlv but eontimiously 
blocked up by dust and (ar fog in the air or lms 

As a ( onse(pienee tin- surface (oinbustioii heater was inoddied bv 
hubstitiiling a bed of refraetorv giaiiiilar iiiateri.d for a diapliragm 
and forcing through it a suitable mixture of air and gas or v.iporised 
fuel Manv applu'alions of this method havi given ext reniely siui essfiil 
results in praetue Thus the gr.imilai mati'rial niav be [laido'd round 
miillh'S, eimibles or n'toitsoi the Hue tubes of s|(‘ani boilers 

Till' following figiiri's imln.ite the ri'inaik.ilile efluieiKV obtained 
when ste.iin is laised bv a gaseous fiii'l when this svstem of surface 
eombiistion is utilised 

Idillsing a tiilx' bet long and d im lies m mli rii.d diameter 
jiaiked with gianiilar nfiaitoiv niati rial ,is .i heating unit, ne.irlv 
11)0 lbs of water ( oiild be (‘v,ipoi.it(‘d pei hoiii (ill to 'ii lbs [i(‘i sipiaie 
loot of heating siirfaie) witli IllO cnlju feet of co.il g,is ,md '0)0 < iduo 
leet of air, representing an SS p(>i (cut tiarisimssKui (to the w.itei) of 
the net heal d(>v(‘Ioped bv the eoinbiistioii (Kig I'i) Thm unit (oin- 
pared I'Atierm'lv favmiiablv' with the ')0 percent obtained with blast- 
fiirmui' gas and llii' tib-TO pei cent obtaiiu'd with (oke-oveti gas wh(‘n 
the usual gas firing svsieins are employed It was noted that the 
efliiK'iit gas t(‘mp(‘iature was onlv 200 , and in later (‘xpermieiits even 
this small amount of heat originallv lost was utilised to heat up the 
boiler ieed-vvater Cveii better rivstilts were obtaim'd with a large 
boiler ('ic'ited at the Skimiingroye Iron Woiks Tins Imilc'i, titled with 
1 10 heating units of the abovc'-nientioned si/e, wms eap.ible of ev.ipoiat- 
ing 5000 lbs of water per hour with an average- figure' of 1 ! I lbs jier 
s([uare foot of heating surface jier hour, ami on a tendioiii run gave 
the re'Uiarkably high hgiire of !)2 7 pe'r cent etiieieiuv The‘ eflieiency 
of this boilei may be judged by the following figures 

hi 7 per ee'tit 
do 
Id 

100 0 


Ife'at utilised 

Ht‘at lost in burnt gases 

Heat lost by radiation 
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Stoani Ofjiiivalont of jiower consuiuoil hv fan for driving thr gases, 
2'7 j)(*r cent. Net overall eilieuMiev, ])er <‘enl. 

More reeent iinprovenients iti the “ lioneeourl " })()iierN iia lude a 
rigid system of refraetorv .Mirfaees instead of a packing of granular 
material for dealing with gases lialile to contain dust or tar fog. and an 
increase in the size of the heating unit. Expenmenlal Inals' iuive 
shown that lu'atmg units up to li iiu-lu's in diameter and from Id to 21 



3 ft. unit hraltu for boiler, showinq roiijioi ation 
in Ibn per foot 

Fa. \J 


feet long ran he e()nstruiUed w it hoiit alfeeting t In* high rale of ('vaporal ion 
]ier s^pian* loot of heating surface. 

Th E J N ( ■ a .N' l>hSCK NT M A NTI.i: 

The historical (h'velopnient (d the incandescent gas mantle may be. 
said to have eomnienced with the investigations of Drummond on the 
production of incaiide.seent surfaces on certain refractories suc;h as 
magnesia, lime, alumina, and zinc oxide by means of the oxy-hydrogen 

* Cfxtl tnul i/<( Sruiitific t h'm (Ii<ti:gruanN, 191H). 
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flame, whilst Berzelius first jiomted out the uses of tliona ami zircoma 
as light-emittmg refractories Prom 1H3!) to 1880 several mvauitors 
were exercising tluur ingenuity m the jiroduction of light trom the 
Bunsen burner llarae, amongst whom may be mentioned (huickshank 
m 1839, Tessie du llotay m 1867, and Edison in 1878 It was not, 
however, until the period 1881 83 that Williams, m New Jersey, and 
Auer von Welshach, m Vienna, practically simultaneously developed 
what IS essentially the gas mantle of to-day 

The earlier mantles were made of cotton ami possessed grave 
defects, such as shrinkage with use, resulting m crumbling , a twist in 
the fibre, introduced in the sjiinmiig, making the mantle susceptible to 
shock, and, finally, a continuous diminution in light emissuity 

Pieseiit-day mantles are gem'rally made ot artifici.d silk or grass 
cloth (ramii' fibre) sjnm into threads 

It may be noted m passing that all varieties oi artitu lal silk appear 
suitable lor the maiiufactuie of mantle mateiul, including the silk 
from Bw'ann and Cliaidonnet’s collodion process, the more recemt (Voss 
and Bevan viscose and acetate methods, and Schweitzer’s cupro- 
ammomuni solvent 

Auer von AVelsbach commencecl his lesc'arclies on the fraciioiial 
crystallisation of the raier elements in 1880, and during that year 
he noted that cotton thrcauls could lie uu[iregiiated so as to leave a 
coherent oxide ash as a skeleton The eolcnir ot the tl.une produec'd on 
heating this skeleton in a Bunsen hurner varied fiom vedlow to green 
In 1883 the earliest mantles were mtrodueed in wlmli the oxidc's of 
zirconium and lanthanum were clmdiy used, although the addition of 
smaller cpiantities of other oxides w'ao smiultaneouslv suggosted 

In 1886 the use of thoria was patented,' ami the uhvi ot stieiigthen- 
mg the hiiislied mantle for transport by immeisicm m collcjchou was 
also claimed 

None of those iimthods, however, proved satibfac tmv as far as life 
and light emissiviiy were concerned, these being the two most important 
factors for technical siiceess From 1886 to IHttl Welsbadi ami his 
assistant Harbinger eontmued unsuccessfully their cxpeiimeiits upon 
the mantle, until an aeeidental ohservation that small cjuantitic". of 
ceria were always })rcsent in some specimens of tliona winch pQ^sl‘^sed 
a somewhat higher emissivity than others led to the mlroductiiin of 
the present-day Welsbach mantle 

The extraordinary effect that small c^uantities of cc'ria may exert on 
the emissivity of tliona is indicated in the aceompaii) mg curve (Fig 13) 
It will he noted that the maximum emissivity is ohtamecl vdien a TJT 
per cent thoria -0 9 per cent ceria mixture is utilised 

Various theories have been put forward to explain the phenomenal 
’ 1) HP 41945 

^ For a U'cbnical dcscniitinn of the mannfiu'ture of jjan maiiClrH, sm- H llolini, Dir 
Fahnkation der Qluhkorper fur QasglMtcht 
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increase in light eniissivity in presoiico of coria, but no satisfactory 
conclusion as to actual mechanism <if light product \on has as yt‘t been 
arrived at. 

Wcstjihal's theory that during tin* p<‘riod <)f o])timiMn cmissivity 
the gradual combination of an acid oxide, c.g. thoria. with a basic one 
such as ceria is taking place may be di.'^missed as untenabh'. liunte's 
view IS supported by a certain amount of experimental evidence. Ho 
regards the thoria as a heat-insulating surface and holds that tlu^ ceria 
catalytically hastens the combustion of the gas-air mixture ; by this 
means the surface of the thoria is healed up to tin* temperature of the 
flame, viz. ITlX)' to lS7t) , and radiafe.s at thus temperatiin'. Rnbens ' 
has shown that a hlaek body ra<liation ttmiperafun* of at least. IbtHb 



rie. i:{. 


wmiild h<' neces.sary to produce a similar visible cmissivity. Jt is, 
however, not clear \v)iy onlv to 1 per cent of eena I'xerts the. 
-maximum catalytic activity be (;bat(>lier was of the opinion that 
thoria-e.eria mixtures do not ladiate as llhu'k bo<iv ’ radiators, but 
ex(’rt selective emi.ssivity in tlu' region of th<‘ visible rays. Ibinb', 
however, lias shown that the emis.si\dties <»f ceria. and thoria and tlie 
Welsbach mantle material when heaterl in a mnllle in t iu' .same 
temperatures were not sen.sibly dilferent 

AVyroubofT and V. B. Lewis attributed tin* inerea.sed luniinosity to 
the alternate oxidation and reduction of the ceria 
02f2CV),^_^.4(V02, 

the presence of 1 per cent of ceria in the mixture being ,sMinei(‘nt to 
en.surc that combustion jiroceeds at its inaxiTmiin velocity 

‘ Avt, rhyttik, iwa. 20. 
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An iinporlaiit observation was made by Moyer and Anschutz,’ who 
noted that CeO^ forms a solid solution in thoiia ii[) to 7 per cent and 
that a small quantity of CeOj was also piesent in a used mantle mixture 
It IS an interesting spei illation as to whether the maximum dissodation 
of the eeriiim oxide in the thoria occurs m dilutions 0 !) to 1 jier cent 

T1h‘ loss of lijilit emissuity with eontinucd us(‘ is attiibuted by 
Whiti' and Muller to the gradual volatilisation ol tjie catalytic ceriuiu 
oxide Hruno.’ on the other hand, considered that the cerium oxide 
became' conveitcd into an incut allotro|)ic nicKlitication from winch the* 
active' oMclc' ccnilcl be leffeneiatc'd liy slowly cooling the inaiilli' 

The invc'stigatioiis of Swan ' on the cataLtu c'lleet ot tlioria-eena 
mixtures on the combustion of elect rol) tie gas mixtures make it .ippc'ar 
liigldy probable (see p lO.'j) that the ceria is in (ac'f an o.xigc'ii-eanying 
promotc'r to tlii- catalytic (lioiia 

As catalytic cxxygc'u carriers chiomium, \aiiadiiim, manganese, 
lion, cobalt, am! even silvc'i oxides have bc'cn suguc'sted With the 
e\ee|)lion c)f tlu' thic'C' lirstuuunc'd, tliese oxules are much too volatile 
for piactieal use, nnle.ss retained on the mantle m tlie lorm ol silicatc'S, 
in which C'asc' thc'ir calalylie |)ioperties aic' c oiisuh'iablv impaiied A 
composition of alumina and S-lb paits o| ehromium oxide was hugely 
used in the prc'paiation of ‘Sunlight ’ mantles With a thoiia base, 
the following ijiiantities of catalytic imiteiial aic' said to give' louglily 
till' same' emissivily 

(V(), 2 ,t)'l-| 0, V,()r,, 0 I , MnO,, 1 t’.O,, (I'g-, p,, u'lit 

Othc'i base's. III addition to thoiia and alumina, have bei'ii suggested 
from time to time', ,sne h as zireoma, magnesia, and laiithana-c halL 
mixtures Magnc'Sia has lieen shown to bc' lathei volatile', whilst, 
chalk' snilers liom the clisiclvantagi'S of lii'ing readily altae kc'd by watei 
and carbon dioxide juc'sc'nt in the' air whe'ii the' mantle is not in use 
Small c|uantitii's ol the' oxide's eif bervlliiiin ami alnmiiiiiim aie- 
frc'cinently adelc'd as hardeners m orclc'r to iiieiease the' resistant jioweis 
of the m.intle 


Thk Ihci'a'AiiArieiN ok Koiim vduuiv ok 

The eailie'st development of the' tormalclehv'de iiiduAry was clcisc'lv 
associated with its iilllisation as a volatile' disinfec taut lor roeems foi 
this purpose' .so-callc'd formaldc'liyih' lam])^ were introelne cd. m which 
nic'tliyl alcohol was caused to bum in sjeeeiallv constructed Imriie'rs 
A small fraction of the mc'thyl alcohol was in this wav conveute'et into 
formaldehyde', Imt by tar the gic'atec |)ortion was oxidisc'd to carbon 
dioxide and .stc'ain, according to the ecjuations 

2('H, Oils 0,. 211 01lOc2lLO, 

2(Tl,. Oil + 30, -2CO,t 411,0 

' Ihr. IIHIT 40, ',11)!') ’ ./ OViv /.f-gaem/, l<hl! 83, Vnt 

' Anlnlt / Bikucht, iSll'l, 5, -’ll < ./ Chfm Xor . 1924, 125, 7S0 
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Modern room disinfection by means of formdldoliyd<‘ is usnally aoeoin- 
])lished by the volatilisation of |niraform (11. (’HO), (Seherini»*s formalin) 
in small lamps, or hy ehemical oxidation of methyl alcohol, by the 
use of [»ennan^oinat<' ’ or barmm per(»xi(le (bleachinjj; powder has also 
been sugyeste<l, Kiscliengrnn's Anfan method). 

Tlie earlier alcohol combustion lamps devi.sed by Tollens, Ibirtel, 
Robinson, Trillat. Rroehe. Dimidonm'. and others are no longer in use, 
As new industrial uses for formahhdivde were found, notablv in 
the hardening (d gelatins. preser\ation (»f food. diMiifeetnui of iiidi‘S 
in certain leather-tanmng pna-essi's. as wadi a.> in the recent d(‘V(dopnn’nt 
of synthetic tannins, phenol formahhdivde condensation products for 
electrical insulator and other piirpo.si's {ba(d<ebte). and the iiiu' organu 
clnunical industry, the most suitable method of piodiiction on a leidinieal 
soah' Ix'eame a matter of importanc<’ 

At tlu' present tinn' it may be statcfl that the onlv teidinieal pro- 
cesses for the pH'paiation of hn mahhdivdi' are tho.s(' based on tlie 
fractional (’ombiistion of niethvl aleohol . luit. a^ will be siibseiiiieni ly 
shown, these iiK'thods will piobablv be replaced b\ moi(> economical 
catalvtic processes winch are still in the expeiinnmtal state 

The earliest experinumtal woik on the fractional coniluistion of 
methyl alcohol to formaldehyde dates from the time of Hofmann, “ who 
obtained a small con\ersion by the passage of an an alcolnd nii,\tiire 
through a red-hot platinum tube (JacM«i, as well as Tothms and 
boew,'^ (dlected certain nio<lili< at ion'- b\ '•ubstitiiting a glass liibi* 
])acked witli platinum or metallic <(ippei toil as catalytic matiTial , 
they laid stress on the mlllience of the pieselice of moisture in the 
original alcohol, tin* vaiiabibty of vudd with alteration in the oxygen 
alcohol ratio, and (dningi-s in tin' temperatiiie ol the (‘iitalyst 'rnllat,'* 
in IHS'.l, first proposc'd a large-si-ale |>ioduct ion plant in which crude 
meth\l alcohol was evapoiated, mixed with air, and passt'd through 
the catalvst cliamiier containing platinum asbestos maintained at^ a 
dull red hi'at Otlu'r catalvtic materials, sm di as coppc'r oxide or even 
fire-brick, were sugg<'stcd. \s a lesiiltof a senes of experiments, Trilhil 
was abh* to oxulise methyl alcoind with air bv mi-ans of an I'leetrnally 
lu'atcd platinum gan/,e at . with elevation of the ti'iuperat lire, 
decomjiosit ion proceeds fnilher, as shown bv tin- increase in the carbon 
monoxide and dioxide eontent d'lie optimum steam I'onfent for the 
methvl-alcohol vapour was found to be in tin- in'ighbourhood ol 2t) per 
cent. 

With oxidised cojiper gauze at , Trillat obtained a dH-,") jxt cent- 
yield witli an air-alcohol ratio of litres to O-tM grin in modern 
practice much higher tmnperatures an* usually attained, n.tj. 
dotk'-ooO ’. 

^ E\ansaiKl Itnss*!! : He*- Croner, Dmnfe/'ktirin, \i., imi'.l ^ liir., 1H7H, It, 1118."). 

3 IM . 1881. 14. 2131 . 1882, 15. 11)29, 20, HI , <f ./ ]>r t'hnn , ISKli Oi ). 33, 321 
Oxxlatum 'kt (ilcvhol'!, 1901. 
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Later, Sal)atier and Mailhe ^ directed attention to Berthelot’s 
cxporimoiitH, in which he showed that the thermal decumposition of 
primary alcohols in the absenre of air was ejected by two simultaneous 
reactions 

(a) A dehydration, e i/ CJI 5 OH CH ^ ( dU + i f ,0. 

(b) A dehydrogenation, 0,11 j OlfOrH,, 

and jiroceeded to investigate the etfect of various catalytic materials 
on those decompositions and showed that copper at a temperature of 
200^-300'’ was an etfective, dchydiogonation catalyst 

With freshly rediued copper ovule, the rediutioi) ptoeeed.s according 
to the eipiation 

OH 3 CllOhH,. 

and tlu' reaction is a reversible one a 50 jror cent conversion is obtanu'd 
with a 5 ])er cent loss of decomjiosition jirodiicts and 45 per cent un- 
changed methyl alcohol, which can be fractionated oil and returned to 
the alcohol storage reservoii 

Unfortunately, in the ease of methyl alcohol, copjier aj)|)ears rapidly 
to lose its activity, either owing to the gradual risludion of unchanged 
cuprous oxide in solid solution in the metal, wliidi may lu' the real 
eifective catalytic agmit, or for some other cause as yet unknown 
Coiiseipiently, exiieninenleis lia\e h.id reiouise to eleVation of the 
temperature to enhance the diminishing aduity At d(K)' the second 
stage of the thiTinal decomposition into carbon monoxuh' and hydrogen 
IS quite maiked, whilst at Aril) " it is piaclically complete m jrresence of 
metallic c()|)per at low space velocities 

If UltO -UO ML 

and OH; t)H-=0Ot2H, 

The second reaction is reversible and has been nuiie use of for thc 
synthesis of methyl alcohol from water gas (see pji 257, 25S) Sabatier 
and Sendereiis “ investigated the catalytic ai.tuity of other metals and 
oxides on the dohydrogimatum of methyl alcohol with the following 
results 

'Inin'crutiiii' 'lomixtiituio licsof I-'orunldiliMli 

( oinincnuMiu'iif oi AI icimuni dih to Sumid ir\ 

of ]Jehydro«('iutiiiii UtiMts IKuhuihkiUoii 

180’ ;tt»(l Aliovf 1)0 j«'t (ciit 

(Slightly more adno than nidcol, 
l)ut less than eojijjer. 

Slightly less adi\c than eohalt 

2r)0'’ - ( omjiletL 

:120 ;tt)0 (Small 

2t)0 HriO Small, Imt nductiou 

to metal takes place 

2.'j0 300 t'omplete 

* (See La C^Udl/^^• en ehimu organi<iue and Unn ('him , I'JIO, 20 341 
* Unii Chirn Phtji , 1905, 8, 1473 
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The following catalytic oxides suitable for dehydrognuiation of 
methyl alcohol in order of increasme activity an' cited bv Sabatier. 
The optimiiiii tenn)erature for dehvdrog('iuition appears to he .Tai' : 

(110. SiO,, TiO.,, ZjiU, ZrO.. MuO. A1,,0,. 

The use of bauxit«‘ for this }uir|»ose might lacssess certain 
advantages. 

It was tlu'refore evident that tlie usual proee.ss oi fractional conn 
bustion of methyl ahadiol was aetuallv based on the priinarv eatalyti<’ 
dehydrogi'nation of the alcohol info ahh'hyde and hydrogen, whilst the 
addition oi owgt'U might he regarded as necessaiy to maintain the 
temjH'rature oi tin' reaetion (2S cals being ahsorlied jter grm. mol. 
in the dehydrogenation process), to lower tlie jtailial pressiiie of the 
hydrogen, and pos.sibly to revivify the copper catalytic material by 
continuous alternate o.xidation and reduction. Iv I. Orlolf^ c»)n- 
firmcd nearly all Saliaticr’s expcnnit'iits, slmwing that the following 
catalysts were eifeetive in IIk' dehvdrogi'iiation pioerss. (opp('r 
}ireei[»itated on asbestos, iTrium sul}>tiate, and thomini o.xide, platinum 
blaek, melallie platinum, eoke eontaming preeipitati-d eoppi'r, vanadium 
oxide on asbestos. Idisatisfaetory results wi're obtained with iron, 
praetieally rumplele (leeomj)osiiioii to o.xides of e.irb(m and himp-bhiek 
occurring. 

In his latt'F eommunieations Orloll a(Ki,''es the addition of air and 
reeummeiids e()[)|>er ganzi' [in'ceded by platinised pumice or plaiinised 
asbestos, and states that tlie best, eonxeision is ejleeted w’lien thi* 
reaction proceeds without tin* application ot <-xteinal em-rgy and that 
the following relationsliips are obtained ; 

IwltU) . 

0. ixMcOll . . .0 1:1 

Alcohol : Total \ ()liui;e V'lsf oti.' i/u\l lire . . 

Ciiiiceiitralion of owuen t om < iiti.ditiii ol ali oliol a.qMUii 
Squaic of mean \etn<it\ o( g-i-. ilow 

la- lilanc and K Plas( like “ simihulv conducted a series ol experi- 
ments on fractional eombnstion of methyl alcohol, using silver wiri' 
gauze and <’lectrolytieally siKered eoppr'r gauze as catalysts; they 
also arrivi'd at the c(uu;lusi(m that the process is virtually one of 
dehydrogenation and that the function of the oxygen was merely to 
revivify the eatalvdic material, for whieli purpo.se freshly reduei'd cojiper 
w'as mo.st suitalile. Their mo.st favourable yields were TrlS per (‘ent, with 
silver and hij-'f per cent with copper, ujider the following lixjieriment.al 
conditions : 

' Hubh. Vhjs. Chan .SV . ll»07, 39, S-'m. 1114 , imiS, 40 , 7%. 

‘ Zainrh, KU'ktrwhm , lyil, 17 , 1.71 
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Lcii(it)i of Silver fUiize 
Sinral iii (m 
"> 85 


Gi'iii 0; p(‘r 
Krm Ak'oliol 
0 i.V) 


Temp of Vdoiity of Air III 

(atiilvat lilres 111 r iMiiuiti 

4.)r» 2 (ili't* 


I'tr (iiitl'oiiMrbioii 
58 0() 


IN r lent 
UmhiinKcd 
21) 4:5 


nil ter of riibi 

50 nun 


The (‘inueiit- gas (‘oiitaiiipil tlic iolkiwing [iiojiortions of CO, 
and ]I^ rcs]) 0 (tivt‘ly 1 Rk 4'1(), and 11 1'.) pci oeiil 

The liguros lopicsiMit tlu* optmiuni yiold oktaiticd aflpi altoiatuni 
of all iltp indrppndiMit vaiiablos one* at a lime 

Fokin ^ (ontinnod Oiloll and Ln I'lanc's ipsit'in lies and okl.uncd 
tliP following ordiTS of aitivitv for tlu' conversion in the [lassagi' of 
alcohol-.ur mixtnri's ovit ddlereut ineCils 


Ni 

Al 

Mn 

t'l) 

I’t 


I 08 [Ml I ( lit 

1 .') 

2 01 „ 


('ll t'l 17 [Ml ei'iit 

\ir (it (ill 

All 71 

Ciitu .illov 


It Will he noted that silver is e\lreinel> etk'clive 

Uouliard “ suggests the use of silvei pteei[ntated on tt,i\ as siipjiort 
material, whilst 0 lllank * siiirgests silver on asbestos 

Hoi hstetti'i has attempted to |)rodiiee a eatalytu material which 
should aeieleiate both reactions vi/, the dehv Irogi natimi piiness, 
Cll, OH -H Clio 1 111 as well as the fiadional eonibiist ion, 
2rHj 011 1 0,, 11 Clio I ICO d'htis, he states that he has ob- 
tained the tollowing results liy using imdal (ouples instead oi the jiiire 
metals 

I’ll 1 1 lit V II 111 

I'liie ('ll 7(1 

('ll alliiveil with 1/10,000 I'l 72 

('ll iimtiit with 1/10 (MIO I’t 77 

Aft ' 7-1 

Aj^ witli u ('ll tii))i‘ 8t 

Ay Ki.iteil \u(hino,000 ihiiiiiiiin SKi 

' Ay , . I 10,0(10 I’t Oil 


Other suggested methods of preiiaration ol i'lniialdelivde have hi’on 
the subject ol jiateiit hteiatuje 

Both the Ikdiselie and Dreyfus ® patents suggest passing a mixture 

of carbon monoxide and hydrogen in the ratio of 1 1 .it KHl atmospheres 

pri’ssure over catalytic mati’rials (such as Pt, Cu Fe, Cr Ni, Ce, Cr, 
V, or their oxides) at (See fuither, jip 2.‘)7, 2:»8 ) 

Brodie,7 Losanitsi.h, and Jovitsehitsch obtained small (juantities 
of formaldehyde from these gases when .subjected to the sihmt electric 

' ./ Aieii i’Ayi ('Arm Nim- I'tl.l, «. aSb 
■I ./ Sa (’Aim I ml, 1‘Hl. 30, Ul 
•' n 1* 2i)48(; I'ln 
- I’nc Sftr , 1871,12, 171 


- t 1' 112)111,11111) 

* n 1’ 41)4 mu 

'■ B 1’ |II88")-) i'lr. 

'• Her, 18'I7. 30, It.') 
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(lischar<ii\ Chapman and Holt ^ l)y tlio hiuh-tonsion ohvtric disrliarj^n, 
whilst de Jalin provi'd the presence of aldelivde when ('() and Ho were 
pass«'d over spongy platinum into water ^ 

The thermal deeomjmsition of dimethyl «'iher, tiji formate,'^ ajid 
calcium formate, as well as the fractional reduction of formic acid hy 
hydrogen over iron or nu kel catalysts at .‘ItX)' to 5(H)' ^ are all sugg(‘sted 
nifthods ftir the ]ire]>arati«)n of lormaldehydi*. 

Ktpially interesting and worth attention are the various suggt'st ions 
for the fractional comhu.-'tion of metham' into mcfh)'l ale(»liol or 
formaldeh) de, 

(dock.'' in sugge.stod the pas>age of a mi\tiire of nu'tliaiie and 

air ov'r graiinlated eopp»‘r or pumiee maintained at SO<)\ the ]>roeess, 
heing eirenhitory. removing the fonnaldehvde after each cycle hv a, 
system of seruhhers Lanerand Klswortliv'’ suggest tln‘ use of hvdrogiMi 
peroxide or persulphuri(‘ acid as an oxidant in the presence ol ferrous 
sulphati', pn'sumaiily as a catalytic matmial Tin* Sau(>rstoH' ii 
Stiekstidl Ind ’ and \. I’liruh^ claim tin* use of tan hark as catalyst, 
stating that oxidation of metham* hv air will take place at 5<) 50 in 
the po'senet* ot ^.in h material It is more than prohahh* that the 
aldehvdt* was itself deriv'd from the tan hark undei tin* conditions of 
o]K'ration lo'rnekes'* desenhe.s ,i special c(tnihuslion fiirnaci* for tin* 
Ir.u'tional oxidation of methane, whilst Otto "* suggest > the use of o/one 
as an oxidant Lacy descrihes the dir-ect chemical conversion process, 
('ll, ->C]I((1 OH, whilst Lanei* and KIswort hv chum t he 

production of m(*1 hvlamiin* hv hvdr< gc'iiat ion (►! hydioeyann* acid over 
a nn'tal eatah'st with siihseijuent di'roinpo'^ition of the aintne wil h steam 
in the jireseiici’ of a ( atalyst 

CH* NH.,^ 11,0 V (’ll, 011 1 Nil., 


Horn* and \Vln‘eh*r showed that a ’Jd pet cent yield could hi* obtained 
hv the tiameless comhiistion of nn*thane on horosilieate glass ln'ads, 

Tin* fractional oxidation of other ah'olmls can he a< complisln*d in 
like manner Thus. glyc(*rine ni tin* i)res(*in*<* of air will give small 
(plant itn*s of glyc(*rine ahh*hyde in tin* pn*sene(* (d j)latinuin hlaek, 
(*th\l alcohol and air passr'd over iilatinisi*d pumice at a dull r(*d ln*at 
Yields i()-8 p(*r cent of a(‘(*taldeh\ d(* eug(*nol in a similar manm*r yields 
2”'.) per c(*nt of vanillin It will, however, he nf(t(*d that tin* vn*ld of 
ald(*hvd(* is invariahiy small wlieii tin* proce.ss of fraclnmat eomhustion 
IS adoj>t(*d. wliilst tin* catalvtn* dehydrogenation pi-ocessi*s, on the 
otln*r hand, usually give good yields w’ltli very small los.ses. 

The partial oxidation of hydrocarbons. In vn*w of the Lihnieal 
imiiortama* of tin* conversion of the hydrocarbons, both aromatic and 


‘ ,7. ( hnii. 87, llU* 

* l?.uhn.'lie Co I'lil. IH.j't.li. 

•> B.i’, 72'.i7 ntn*. 

* i^s.p rnwoia liin; 

12 u K Kmii I'ln. 


n.r, 1H811. 22. m 3 BP ih:wo« 

1* I) H P, l(170U. Sot alHO D.K.P. 28(i7:(l 
’ 1 » H P. 2 1 n :>r,; i ; h) 0 . » r.s p hii 1 7:>;j i '.X)7. 

1® Jhm. t’him VhtfK , IHIW (tii ), 13, 77. 

'* B J'. iPHi P-NKJ 
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aliphatic, into the more valiiahle oxidation products, mmieroiis attempts 
have bi'cn made to ellc(,t such partial oxidation with air as oxidi.sing 
agent in the presence i)f various catalytic agents 

Theai' imdlioda naturally divide themselves into those in which 
Inpiid phase and those m which va])our jihase oxidation is made use of 
Although ill catalytic hydrogi'iiation both Inpiid and \apour phase 
catalytic reduction have proved successful, in catalytic oxidation only 
th(' latter has lieen developed to the teJinn al stage 

In the ease of hydnaarlions ol the aromatn senes Wedge ^ claimed 
the liijuid phase oxidation of hen/ame to phenol, utilising platinum 
black asiut.dvtie agent, whilst Willstatter and Sonnenfeld “ describe 
the use of platiiiiiiii as a (atalvst in I lie fractional oxidation of evclo- 
hexanol to adipn .n id More attention has been paid to the b(|Uid 
])liase fraitional oxidation of the long i ham aliph.itie h\ diorarbotis 
with a view to tin' production ol synthetic fats (Iruii ^ and Kisiher 
and Sthneidei ' have noted that oxidation proceeds slowlv at the 
melting poinl of the wax, the leaetion velodtv itn reusing with rise in 
temperatuie \n upper limit ol (iini riO’C is set to tin' tcinper-iture 
HO as to mold as fai as iiossible the degiadation of the long chain 
aldeludes .ileohoN, and lu ids produced b\ fiiither oxidation \ hO 
per lent yield of odd-miiiibered (ham fat tv .Kids inav be obtained bv 
low-temperature oxidation of sivei.il months' dm, itioii The rc.iction 
a[)pearH to be soinewhiit i iim)»liealed sun e the loim iimti of uiis,iiiir.i,ted 
nxv-di'rivatives alwm.s oiciiis and the (ourscol the oxidation (.ui in 
fact be lollowed liv the deleniim.itmii of tlie iodine xaliie The re- 
action IS slightly ailtoi.it.iUtic 111 .letion Mine ihe ^ceding ol a tresh 
wax with a partiiillv oxidised fraction aiceler.itis the oxidation, at 
least 111 the piim.irv '.f.iges 

Main attempts have been niaile to aeieler.ite tins low-temperature 
oxidation proi ess b\ the addition of i .ltalv^i^ nolalilv bv .ilkalis and 
xanous oxvgen earners siuh .is .salts of non .md iii.mg.uiese Tlie 
results, however appear to be meoneliisixe 

More suciessful have been tlie luoi esses of fr.utumal oxidation of 
volatile hvdioearbon.s in the xapoiir pli.ise \\t h.ne alri'.idv referred 
to the pioduetioii of lormahh'livde liv the p.irtial ovulation of methane 
Saliatier and Mailhe ^ have shown tliat Muall (iiiantities of ahleliydes 
and alcohols laii be produced by the eat.ihtu lomhustioii of par.ilhnoui 
liydroearbons, wliilsl similar result.s were obtained bv (trlolf’ utilising 
copper oxide g.iiuo as catalytic agent The first attempts to oxidise 
aromatic hydrocarhons eatalylically were made liv ('o(|nilloii,' who 
noted the production of l>oth beiizaldehyde aiul ticimoie and on the 
p)iss.ag(' of either ben/.eiie or toluene vapour and air over an incandescent 
pl.atimim wire Walter sbovved ^ that benzoic and and benzaldchydc 

' n i' 2010 I'HlI - Itir I'U.l 46 J'ls.' ’ Ibid. I'lJll, 53 ‘IS7. 

^ lind , Hai 63. '>2J " ( ompl rrml . 1906, 142, 1 I'M 

" t liiiK I’hif, I'lifni 1007,39 SVV, 10'23. 1908,40.1414 

' Vompt nnd , ISir,, 80, 1089 ■* J. pr them , 18‘IJ, J07, 111, 
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would roadily be produced by the fractional oxidatioji td loluene 
and anthracpiinone from anthracene, utilising vanadium pent oxide aa 
catalytic agent ^ ('oke - and chromium oxide ^ havi' been suggested 
for similar purposes. Weiss and Downs * hav(‘ investigated in (hdail 
the conditions for the fractional oxidation of najilithaleue to phthalic 
anhydride and the formation of maleic anhydriih* from Ixm/.cme It is 
interesting to note that small (piantities both of phenol per cent) 
and benzoijuinone W(‘re obtained from benzene In tiie presenct' of 
steam and at high pressures diphenyl was likewise o)>t aim'd in mod«*rate 
amount. 1'lie most etfeeti\e e.italyst was found to be vanadium 
pentoxid(* ’ 

The dilheultu'S successfully ov«'rcome by Weiss and Downs an' those 
inherent in such prou‘sS('s of oxidation of organic substances, namely, 
those of temjjerature control. The.se are apparent from the following 
data on the tln'rmal values (d tlirce typical catalytic gaseous o\idation 
processes : 


j Ur.K tiori 

Optiininii 

ot < ‘at.ilv 

Optimum VIr 
lO'Uitaiif K.ilio 
l>> Voliiim' 

ll< .n <lf\<-io|>i d 

11 1 |i< I 11) 

ol Hcartaiit 

! He It ( it 

, 'll ciitonnu 
' (.ancs at 27 ( 
at 0|)tiliiilta 

1 .'SO, -v.'SO^ 

ion (' 

7 .7 . 1 

, (;:{.7 

till) 

: Ml, > NO . 

, -v 

7.7(1 (’ 

10 1 

.7.t;(in 

(12 (in 

.lllilV dl nie 

ton r 

22 .7 1 

|(1..7(iO 

J(i2n 


It will be observed that provision has to be madi' for the dissipation 
of heat sixteen turn's greater than that evolved in tin' oxidation of 
sulphur dioxide, and that in addition local elevation of temperatun' 
has to be avoided, as tin' reactions of fractional oxidation are not 
reversible as is tin- cas<' in tin' sulphur di(»\ide-t rioxide c<p]ilibrium 
Oxidation at charcoal surfaces. In view of the biological im)>ortanee 
of low-temperature surf.i<*e combustion many experiments liave b(*en 
made with charcoal as a catalv.st for the oxidation of organic materials. 

The results of numerous investigations on th<‘ adsorption (»f oxygen 
bv charcoal, notablv by Bakcr.^* Dewar,^ Hhead and Wheeler” indiejite 
that oxygen may be adsorbed on a charcoal .surface to form at least 
three types of surface compounds which mav he as.sociatcd with tin; 
diamond, parallin, and cthcnoid i»<*rtion.s of the surface. One form is 
remoyable only at high tem]>'*nitnres as oxnh's (d carlion, aimther 
removable as oxides of carbon by evacuation or by fusion with sodium 
carbonate,® ami a third which cam under certain conditions, he recovcn'il 
as oxygen. This last form is endowed with ratalytic properties, for 

’ S.f. also D.H r n;si!!ll,'l!)<)4 : F.l’. 3«JU7K.",,11«I.'> , and U 1*. L' I IM I / 1 

^ Woop, ('ompi roul . H)07, 146. 174. » Ixjvo^nth.il, DP. 1*. 

* r s.g. I.11S031. 2. an<l 3;l9ia * J /ml. I'hm , PlJU. 12. 2JK 

* J. ('hnn. Srx-, ISSl*. 51. 219. ' ('»mpt rfnd , J9<M. 139, 201 

* J. C/i^m. Soc., 1913, 103, 401, 1210, * Taylor, Anv-r (’hrm. Hoc., 1921, 43. 20,79. 
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CII, 

not only <1ooh lovv-t(‘iii|)(‘ratiin‘ iiuto.\i(lation ocrur Inii ] irof (“ssos 

of oxiil.ition firo catuIvtK fill\ (‘Icralod ('a]\(‘rl‘ tinted the oxida- 
tion of etlivl-al( oliol \a|)oin and ea'^eou.s liydrocaihotis, a re'oilt (on- 
finned liv Cirtli- Keieel'* noted the latalxtK oxidation of holutions 
of HiilphideH, < hrornates anil iodides Warbur;; and his i o-workers have 
examined the I atalvtii oxidation of ovalii and i ertaiii o ammo ai ids , ^ 
Meyerhof the oxidation of ^hnoscin the |iiescii(e of |dios|)hori( and,’ 
Eieundh(l) and Ifjerke** tlie oxidation ol [ihenyltliio-i arbatiude, and 
Rideal and Wiii^dit ^ that ol inalonn and 

The antoxidation jiroiess is found to be of /oro order and inde- 
pendent of the owein plessnie o\('i a loilsldeiable laiiee at llljlh 

pressures, with a tenipeiatiin (oelhnnit of I SO I’a seleilixe 

A Id 

[loisonini; Rideal and Wright found lh.it with ,in .iitive Mi^nr < haii oal 
of mean siirl.ui .irea of 2()l) nii - |m i imlhi'im oiil\ o ;,s jidr (ent of 
the .siiif.iee was aiiloxidisable 

The oxidation of .Kids sin li as oxalii and pio< eeds o\ n ,i rel.itivelv 
mm h eie.itei .iie.i thus, foi tin pailn iilai bum ol i h.ino.il \i/ siipnr 
(diarioal, the fi.iitnui i .il.dvtnalK aitivc in illenmo the oxidation of 
oxalic and was found to be It).') per i ent liolh .uni .iiid owm'ii are 
adsorbed, the nxution \elont\ iisiim to a m.iximum .ind l.illmo .leam 
as till' coin I lit rat ion of oxain and n iin le.isc d Tim opt i mum n loi ilies 
weie obtained .it .i i oiu nit i. it ion ot (mhi7'i niol.ii oxabe .n id ,iiid 0 O’K) 


molar malonu .n id, with a tempeMliiie (oelln n iit 

The re.Ktion velonti ,is .1 luinfioii of the 1 
reailaiits w.is loiiiid to be expiessible in tin ioiiii 



t lie 


II 

' ^ (I I in \ l\, iiC , ,)“ 
wliieli lediiees to the simplei loims 

A'C,„ \ Co 


for small ox.ibe i oiu eiitiat tons, .ind to 


for high eoneentrations of and, lioth being ex|)erimental 1 \ re.disnl for 
.1 number of smli surfaie oxidations 

Sm li ehareoals can readily bo .utixated or jiroinoted In heat, 
treatment with urea and iron salts or dxe-.stuffs and iron salts 

I / (%m s.u I.Sl.T 20. ."1 1 ■' /ViiH /■iirwl s„r Idjl 20. ITe 

^ /.nluli ti>ior<i ('/itm I'l.’l 119 >0,") 

M'//«,/-r..-lfr/,„, 1<»I4, 156, .147 Hwhm Anlsch I'L'I 113 -’'’.7, l!i:i 145 11,1 
“ /n,«A,,n /(lOrA, I'LM 136 .V>.S " /.ulirh phi/<wl ( h,,,, . I'llt., 91 II 

■ J ( hem .SV 1!)J.1, 137, 1.J47 
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It is found that this treatment brings about two distinet changes in 
the surface ; firstly, a general extension, of which a large j)ortion 
possesses a})proxiniately th<‘ same specific catalytic activity as the 
original charcoal. In addition a small portion, only some “J-O per oiuit, 
of the .surface is extn'mely active*, and owing to the sensitivity of these 
portions ftt poisoning by ]>ota.s.sium (‘vaiiide it is probalih' that these 
porti<ms an* the true promot«'d iron charcoal .systems. 

The.se reactions afford an <‘xcelh‘nt examph* of the two ('Ifects of 
pronioti'rs di.scu.s.sed in ('hapter 111. 

TiIK PHKl’AU.VriON OK Actps 

The further oxidation of tin* aldehydes into the eorrespomliiig acids 
bv a catalvti(' pro<a*.ss has been smcessfully d(‘V<*loped m the ease* of 
aci*tald(‘h\ (h* . as catalyst, mangane.se acetate, or more ran‘lv the 
forin<it('. butvrate, lactate, or ben/oate. dis.solved m aiu'tic acid is 
emi)lov('d in tlie proportion ot 'JtMt Kilos of ahlehyde to 11 kilos, of 
manganese acetate, .\eration is accomplished iindiT j>ressiin‘, and the 
aldetivde is conxerted jtra«‘t n ally <inantil.iti\ely into aeetie acid. 
Sexeral ditliiulties were as.somated with the earlier phases of tin* 
proi’es^ The re.ietion is strongly exotlu'rmie, and a \er> ellieienl 
cooling svst(‘m lia.^ to be emplovetl , :'t the .same time a snllieient. 
depth of Injiinl to ensure proper aeration must la* maintained y\ll 
liU'tals sutlieieiitlv r<»bu.st to stand tin* pressuies emploxed are rapidly 
attaeked under the eombiiird intlm*nee ot oxygen and aei'tie acid, thus 
entailing a hea\ v rejtair bill 1‘iire aluminium liners are freipK'idly 
eiuploxed Tlie most serious «liHienltv is tlie danger of explosion 
a*'S(ieiateil with the formation of tin* extrtnmly unstable pt'raci'ln aenl, 
('ll , . (’<J . OOH, under eontimierl a«Ta1ion in the pies<‘ne(> of the 
inangaiK'st' salt ; over-aeration has thus to be carefully avoid<*rl. 
Cirunsti'in and Ih'lirens have shown that other eatalytii- substanei'S, 
sueh as the oxi<les of vanadium, urannim. e.-niiin, and iron, possess an 
aetivitv to that of the inanganeM' salts, ^ but that llieir use is 

attended with a greater risk of (‘\ plosion, sim'e these salts are not 
.speciallv active in tin* removal of the pciaci-tic arid bv redin tion witli 
aldehyde, according to tin* eijuatnni 

C'lbj.CO.OOH 1 (lb, t'lio 2(’IlT.(’()()n, 

a n'HCtion which is acceleratcil hy mangancst*. In technical vv(»rking 
a .’V) p('r cent hiss occurs, due to furth<*r oxidation of the acetic acid to 
carbon dioxide and water. 

Ethyl alcohol can be directly oxidised to acetic acid by ailrnixliire 
in the vapour state with air and jia.s.sagi* over platinum black or 
vanadium pciitoxi<le. 

The preparation of oxalic acid by the oxidation of sugar and starches 

^ Cotnpf. rend., I!K)7, 145, 12J. 

1 ’ 
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is DO longer acfomplislind bymoans of liot nitric acid, winch ontads a very 
coiiHidorablc loss in i ho form of caiboiiato, tartaric, iniicic, and saccharic 
acids, blit use is made of the observation^ of Nauinann, Mocser, and 
bindeiibaiim that th<‘ adilitioii of 0 2 ))cr f ont of vanadic ovule eflocts the 
coiivorsioii almost quantitatively in the cold in from ten to twenty hours. 

Tiir Usk UK (Jaiaum'k: Oxidation Pkockssks is the 
J)Yi: iNinsritv 

Aniline black,- The prcjairation of aniline blaik, one of the most 
important, dyes loi cotton yarns was first di'Veloped by .lohn Lightfoot, 
of Ac( imglon, in IKtih, and is now hugely enqdoycd in all the dyeing 
industries 

'I'lie constiliition of the dye vxas pro\ed b\ A (J (Jreen,^ who 
contributed a veiv important addition to the number of catalvtic 
oxidation jiroi esses of technical impoitance Aniline bhick is essentially 
an oxidation jirodiict, of aniline, during its c(nirse of ovidation, three 
distinct stages of ovulation can be observed 

(1) I'hiieialdinc, which is blue in the form of tlie free' b.ise and 

gives grccni salts 

(2) Nigraniline, which is a dark blue liase .uid uives blue salts 

(A) IJngrcenable lilack or aniline blac k 

According to (been, ovulation pioceeds b) a .seru-, of quinonoid 
iidclitioiis in the following ordei 

(tjf^ Nil, iCJlj Nil, 

t’Jf. N (;il, Nil 

(c'ttro'^ jelliiw macU ) 

I liirt'i 1 qmiKiiiuid .tililitnin 

Y ( lUd MltlcillKMn) . 

(;ii, Nil (VI4 Nil (t„ii4 N (;h, Nil 

(Willd.itti.r s tiliif liiiid( ) 
j OMdltliin 

cjio N (;ii, N (;ii, N t'ji, Nil 

.WdUt.itt(r’s led iimd(') 

I 

(’,H, N (',,114 N (;il4 N (;il4 N [('Jf^ Nil], tVJlj Nil, 

Ernorddino 

"i cKidntlnn 

C«ll, N N [(’,114 N CA NI2 CVI4 Nil i\}]. Nil, 

Y 0, 

N (VII., N (VII, N (VII4 N (VII4 N (yi, N C.,!!, NH CJf, NHj 

MprunilliK' 

+ Cfin5.NHa.llCl 

^ / //r them (ii ), llkJi, 78, 11(> 
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Tilt' uMial o,vi(lisiii}Z ag<‘!its omployod arc hicliroinatoa or aodiiim 
ciiloratf, whilst ooppt'r sulphato, (.‘ojjpcr aulpliido (prepared by the 
doiilde deeoinposition of copper sul{>liati‘ and sodium sulphide), or 
vanadium cliloridt* an' use<l as catalyst.s. 

For (‘.xjimpli*. a lo per cent aniline hydrochloride solution (neutral- 
ised with free bas(‘), with 5 per cent of sodium chhtrate. as o.vidisinjir 
aeeiit, IS mixe<l with o j>er cent of a hi per cent eopjjer snljihide jiasio 
to form an elTective dveinji-bath. The (quantity of vanadium salt 
retjuired to exert th(‘ same catalytic activity as the copjiiT salts normally 
emph>\ed is far less Sabatier ^ states that only 1 part in 70,tX)() jiarts 
of aniline is re<|uired ; Witz estimat«‘s the rati(» at^ 1 : 27U,(K)t), whilst 
the following is the composition of a dyc*bath actually (‘inployial. 

Paits i)y weight : 

|)!'r cent aniline hydrochloride. 

1 -f) ]»er i’cnt aniline, 

•1 per cent sodium chlorate. 
r> ]ter cent vanadium salt solution. 

TIh' solution of the catalytic material is made as follows : 8 grm.s. 
of ammonium vanadate are dissol\<‘d in 'JO grms, of 3t) per emit hydro- 
chloric acid and 8tl e c. of water. Lm grins of glyca-rin an* added, 
and tile w’hole is made, up to 2 lit res. The ratio aniline salt, to vanadium 
salt is apj>roximately ■17.r)()0 ; I. This dyeing-bath is, it, is stated, not 
.so good a.s the copper sulphide catalyst bath, since it is rather too rapid 
in operation, and part of tlie dye is dejjosited in the solution itself or 
loosely adherent to the fibre. 

Green. in 1907, made the in1er4‘sting (liscovery that bi(‘hromate 
and chlorat<‘S could be n'pluced by air as oxidising agent provided that 
certain promoters were added to the catalytic agents usually ein[»loyed. 
In this way a considerable economy in materials was effected, and all 
tendering of the fibre occasioning weakening du<‘ to the f4»rmation of 
the oxycelluloses was avoided. 

As jiroinoters, small quantities of a />-diamine, or p-amidophcnol 
W'orc found most effective. The use of arnidoplnmol, /^-jjlnmylene- 
diaminc and its sulphonic and carboxylic (lerivativi's, (limethyl-/!- 
phenylcnedianiine, p-amidophenylaniline, benzidine, jliarnidodiphcnyl- 


’ La C(Ualy'‘e. 


* B.P. IGlSb/lWlT. 
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OH. 

anilitio, qimiono, mono- and di-inudes and tlioir cldondo'!. j;-nitrophonol, 
nitrodmicthvlanjlitn', /)-amido|jh(myl([ninonunul(‘ and (licir homolognos 
and d«'nvaiiv(‘s, is (daimcd 

Tho addition of 4 jut (out of llio piornotin on tlin vunglif of andinc 
taken is .said to be siiffnient Tlie nieelianisni of operation Iia.s not 
bemi fully ('Xplaiiied, but tlie catalyst probably hastens the oxidation 
jiroeess by the intermediate formation of eoinph'v indamiiies Iron, 
eernim, nraiuiirn, and osmie salts exeit similar catalytic activity in 
t Ins oxidation proee.ss, but have not lec'eived teehiiical apjilieation 
Methyl-violet and fuchsme. Cii[)rie ehlonde and small qiiantiticss 
of phenol are freipientl}' added in the oxidation of dimethjlaniline to 
methyl-violet It is .said that with .suitable proportions of oataly.st 
and promoter (jdienol) the oxidation can he illeitisl with atiiiospherie 
oxygen in lieu of the sodium chlorate nsii.illv (tn|)lo\'ed 

In the oxidation ol aniline and i>- and /i-toliiidine to fiiclisine mtio- 
bmizene can be used as oxidising agent in the presence of a small 
cjiiantity of a Minadiiiin salt orshelitlv l.irirer()U,intitiesof Icrric c hlorich' 
Indigo, lleiinianns syilhesis of mdigo, which w<is mic c essfiillv 
devidoped by tin lladisc he Co , was based upon the piiin.iiv c oiivctsioii 
of crude iiaphtlialcme into phthahe acid, utilising fuming >iil[ihiiiie aend 
as an oxidant 

I 

I 'v ' ' ' ('<1011 

It may be notc'd in passing that tie' giowili ol tie eont.ul siilpluiric- 
HCid proec'.ss in (leiiiiam was cleteiniiiii'd In the demand for liiming 
bulphuiie acid in the procliic tioii ol this d\e 

Croebc'' nee identally di.seoverc'd that oeiciirv w.is .ni ellective 
catalytic agent in this procc'ss of oxidation bc'tween IKhi and 
Kurthei investigation, singularly enough jiroved that meniiiic sulphate 
was one of the most c'lb'ctivc' coppc'i sulphate', alllioiigh exciting a 
rc'asonablc' catalytic' activity is inferior, allhoiigh a mixtuic' of coppt'i 
and mc'reiirie sulphates is sui'c'iioi to c'lthc'i constitm'nt used singly “ 
Nickel and iron are slightly acini' whilst the' Nip^ ,if nianganc'se, 
potassium, and magnc'sium arc' in.ietne 

The ii.se of a small gloliiile of mc'rciiix or a strip of coppc'i m the 
usual Kjc'ldahl process ot nitrogen estimation n a striking applic'ation 
of thc'se catalysts to the oxidation of nitrogenous organic matter by 
stiong siiljihiinc acid 

'rile patc'iits of Rosc'uthal ’’ also illustrate' tie' oxidising action of 
mc'reiiry .salts The Id pc'r cent yield of tertiary lease's of the' aromatic 
group obtained by oxidation of terliaiv aromatic amines with sul[ihuric 
acid at tempi'ratiirc's above' 2(X)' is mcrc'iisc'd to a ()<> pc'r cent vic'ld in 
presence' of mc'reiiry 

' J}>r , 18i)l», 29. gSCH) Dndig iiucl llrottn, Ziilvh ///lyolal Chnn , I'le'i^ 4g yij 

=> D ll.r, 127170 ftcut 127 ISO, 
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ArToxFi»\TioN A\i» !Ni)(>ri:i) Omuatiov 

'Flic itivosiijLrations on tlu‘ tlirirt o\i(lati^tii l>y luoan.s of ovyi^i'n 
of a nuinbiTof orjniiiic snbstaiu'fs lia^ iinliniliMl tliat tlu* pmoi'ss cannot 
tak»‘ place by means of a simple a<i|lition. c «/ 

VJXO, 

wh<'n‘ X IS the substance unilercoinjj: oxidation to the stai*!e oviiie XO. 
The classic r«-sean“hcs of Schonla'in * iiuiicatcd <‘lcarlv that, in manv 
cases of oMii.itutn, for (‘\cry mohamle of oxygen consmmMi a niolei iilc 
of oween uas simnltamamsly converted inl«»a mon* active stati* , this 
active oxyjjen (amid then sccondarilv nau't idlher with mon' ow^cn to 
form o/one. with \\at(‘r to form hvdntyjcn peroxide, (»r in the preseiua^ 
of ot h('r oxnlisable subsl.nice.-, could oxidise them, fnapumtly caiisiii}! 
oxidations which c.innot Im* a(complished b\ oidinarv almospheric 
ox\een For ('x.imph*. h\droeeii p<‘ro\ide is foriiu'd during; the rust me 
of lead, /me. and [irobablv iron . o/.one is forimaj diirme tin* oxidation 
of pho.vphoru'. lndi'j:(> !•' c(»n\erte<l mlo is.itm diirme iht' autoxidat ion 
ot palladium hydride, Ixm/aldehvde. or tiirpentiiu' \’arious oj tin* 
more important thcorit's wliiclt have been advanced to explain tin* 
nu'chaiiisin of tln'sc processes may be briellv classilieit as follows 

The dualistic theory. Schonbem - was oj tin* opinion that, th(‘si‘ 
cases of .lutoxidat ion were be^t mterjirelecj on (' Ur(»di(''s hypothesis, 
ill which ordiiuiry ox\een duriiiL; the process (»f oxidation is s|)!it: up 
into lW(t part'', ’ o/onc and ’ anto/one 

. t ). or o/oiK* 

(), 

* (), or aiitozone 

K. ( 'lau''ms * mon' di'linitch stated I hat llrodie's o/,one and antozonr’ 
C((uld lie rt'f/aided as atomic ox\eeii of opposite electric cliarjii's 

(b ^OtO'. 

Van t Hotf,'' as a rt-snlt of Ins cxperiineiit.s on the aiiloxidation of 
})hos[)horu-', introduc'd the hvpitlhcsi.s that atmospheric oxy;j;en is, 
already prior to any proc'ss of oxidation, normally |)artiy dissociati'd 
into charged atomic oxygen, and that tlic ('({tiilibrium 
must be considen'd as an important factor in oxidation |)henoinena. 

According to the above liyjjothc.sis, all processes of autoxidat ion 
are dual in charaeter, two substances simultanciiisly undergoing 
oxidation. Kngler ® has attempt'd to di.stinguish between the.se by 
terming the substance undergoing oxidation the autoxidisi'r, and the 

* J. pr, ('hem., IS-Vl 73-119. * W. nl. * /V/»/. TmnK., IS.To, 141, 7r;1l el «fv/. 

* Pf>g2 Ann.. I8.>S. 103, 644. phtfxikal i’hnn. IHIV;. 18, III. 

* KrUviiCht btu^litn tUxr du AulofydalioMiporgangf, Brawn vchu fvj. 1903, 
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substance simultaneously oxidised the acceptor It is evident tliat 
either the autoxidiser or the acceptor may react, on the one hand, with 
the ozonic, or, on the other, with the untozomc form of the active 
oxygen, depending on the ciie/nieal nature of the suhstam es undergoing 
oxidation , thus water, phosphoius, the alkali metals, and the alkaline- 
earth metals form anto/onidos on oxidation, whilst ozone and the 
chromates, permanganates, hypochlorites, ami vanadates, as well as 
lead, zinc, nickel, bismuth, silver, and manganese oxides, are ozoiudes 

Van ’t Hoil noticed that in the ease of phosphorus uiidergoing 
atmospheric oxidation in the pieseme of indigo acting as acceptor, a 
continuous supply of fresh acceptor was required to maintain the 
velocity of oxidation up to a measurable speed lie consei{uently 
argued that the reaction l O' must be a reversibh* one, since 

the accumulation of tlie o/oriie form of m five owgeii nonmilly remo\ed 
in tlie oxidation of the indigo to isaliii letarded the aition ol the 
antozomc oxygen on the j)hos|))iorus ^ 

It must be admitted that a .se.inli fm tlie < barged o/oiik, modifna- 
tion of oxygen wliieli should be present iii Hit' air afiei passage over 
phosphorus has yielded contlicting results Ulster and <ieitei“ noted 
that air thus treated was elm Irn ally conducting and tioekel * showed 
that this conductivity was not due to the pies'UKe ol ozone which 
could be absorbed without destroying the (ondmtivilv Barns,''’ 
Harms,'* and Bloch, ^ on the olliei hand, have sIuomi tliat the con- 
ductivity (aniiot he attrilmteil to tlie ozome owgeii oi ( barged loiiu 
oxygen, but is due to oxides of phosphorus (ollntisl louiid (barged 
nuclei forming aggn'gates of ndaiively large diiiieiisioiis (z 10 ‘'(in), 
whilst the actual iiiimher of charged urns obsi'rved fell lai short of the 
stoichiometrie ratio, oxygen absorbed oxygiui ionised I I, postidati'd 
by the liypotliesis 

E Hoppo-Seyler and Baiimaim adopted iIk' same h\|)othesis as 
Schonbein, hut substituted the term “ nasieiit oxygen for Selioiibeiii's 
ozoiiides and atilozomdes , according to these irivestigatois, pioeesses 
of aiitoxidation mav be repo'sented by the general ('(piatmii 

X I (>2 > XO 1 nascent owgen 

and such nascent oxygen was to he legaided as pimsessimg superior 
activity to the suhstanee m the ordinary moleeul.ir stale It is evident 
that the dilferenee in view is one of iiomeiiclatun' rather than of 
principle, 

* Sw ,T JoiihcTt, I’AeM sur In ji/iwji/nin^reHCf tin phoAplnire, I8il I Kvvaii, /’At/ Mag, 
ISIU (v ). 38, r>l2 . J Chiipiims. Hull X'of rKm , 18, SI (ii ), 35 4I>) 

“ Wicl Ann. IH'.Hl, 39, 3’1 , Phgnkal ZtiUich , I'Kil, 4. 157 

’ Sw iiIho Malltnci, Hncgc lint , IS.V.'i, 8, 8JJ, N.udiri, l/lt (WA Snmzedt Tntino IS'lU 
25, 25.’ * ZeiMik fihi/akttl ( htm IlKKl 4, 10 

“ Eiptnintni» vitk lontjied Air, Wiwliiiigtciii. UKII 

* ZeiOtA phynbil ('hem , 1902, 3. Ill ’ ,U« OA»m i'A;/*, IWK) (mii ), 4, 25 

* ZeilJcA fihysiol Chem , 1878, 2, 22 
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The intennediate compound theory. M- Truuht.^ (eisammotti,-^ 
A. Bach,® C. Eii^jler and V. Wjld,^ and others dewlopod the hypotlu'sis 
of the intermediate compound. 

Thus, according to M. Traulu'. the ]>roeess of autoxidalion of the 
metals with the simultaneous formation of hydrogen {au’oxide takes 
place through the ])resence of water as intermediary, as represented by 
the equation 

M + Oil.,f (>2 MO 4 11,0,. 

Hydrogen peroxide is thus n'duced oxvgen, and not oxiilistul water 
as postulated hy Schonla'in and his eo-workers. The uirious rediieing 
actions of hydrogi’ii peroxide, e <}. 

Ag.O tHoO. 2Ag+n,0 fO,. 

are cited to supjxut tiiis claim. 

According to Traiilx*. tlm ston hionnurie ratio 

MO: lOO^: : 1 : 1 

ne(‘d not m'cessardy he observed in j)raetic<*, as the secondary reaction 
M^1^20.. M(('H).. 

mav take place. Such a reaction i.s extn'imdv unlikely, ami tin' usual 
diserepaiii'V between the theoreliea' (piantily of peroxide and that 
aetuall) obtained must be pul down t<» thermal <leeompo.s!tion. 

Th(' iH'cessily for the pres<‘nee of a* least small (plant it ies of water 
vapour in pntees.ses ol combustion ’ has been (diserved by many in- 
de[)endent investigators, and its function as an intermediary latalyst 
or elcctrolvte to eomjilete the \oltaie eiremt neetl not be diseiissi’d at 
this ])oint. The apphcalion of tins prim pile to exjilain eeitain eases 
of autoxidation and induced oxidation bums an important extension 
of the hypothesis. It wdll be iioUmI that the b»rmation of snlistances 
.such as ozone, permangaiiat(>, and the oxid(‘s of the lu'avy metals, 
i.c Sehonbein's ozonnh'S. must be considered as secondary reactions 
taking jdace between the hydrogen peroxide and the aeee])tor. In 
some cases, as, for examjih*, in the lormation of ozom* from oxygen 
and hydrogen peroxide, or of silver oxide from hydrogt'u p(>roxide and 
silver, this assumes exceedingly improbable naietions. 

A. Bach adopted another juniit rd view, m which an intermediary 
peroxide was first formed, prior to tlie decomposition into an oxide 
and with simultaneous oxidation of the acceptor. Thus, m tlm oxidation 

‘ Her., 1882, tB, Gtt.'l ; 189:1, 26. M71. AUiandlutKjir., Hfrlin, 1899. 

* Compi. nnd, 1897, 128, 2, 9.11. * JJfr., 1897, 30, 1009. 

* vSff Mrs. Kulhanu', .4n Kni^aif on Coinhu»Uo», London, 179-1 , H. 11. I))x(»n, J‘hd Trnn:^., 
1884, 176, 630 ; J. Chern. Soc., 1880, 49 , 96, and H, K Arra)‘tr<jng, //rU. Ht'/wl’i J’roc. 
Roy. 6'w., 1886, 40 , 287. 
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CH. 

of ji in flio /(roscnoc of miter, a nietailio oAidc and hydrogen 

peroxide are imurned h he formed iiceordiiig lo the following sehenie 
0 

M hO.^ M ' 

.0 

0 “ 

In tho oxidation of pliosphuriis with tho siinultaiicons production of 
o/ono W(“ may ado|)t tlio ('(jiiationn of and Wild.' or of Ostvvald ^ 

to (‘X[)lam ilu' »!('( hani.sm on Ihudi's nitcniicdiatc peroxide tln'orv 

(u) 21’ I 0, I’^O, 

d) 

I’/ I 0. -- I’d) t 0,, 

'"'(I 

(h) 21’ 1 2()o - I’d), l’d)i(),. 

{'ivni^' the stoicliioinetru r.ilio I’ 0, 2 I the ratio a< in, il!\ obtained 

liy van ’t Hoi) 

Bodlanderd and I’aevei and \'illie<r.‘ in revsiK lies on the uxida- 
tion by air tin' actor, ul ben/,.ildeli\de the indintor, uitli mdijio as an 
acceptor, nave* additional siiiipoit to Bach s tlicoix b\ the isolation of 
an internic'diarv peioxidc, beii/o\l hvdioj'en peroxide 

(',.11, ('HO i 0^ (’JI, ('() 0(011), 
whicdi peroxide could then re.ic 1 in two distincT w.us 
(a) With another molecule of beiizaldcludn, 

cjL, CO 0(011) I cjL Clio ->2cji^ coon 

{h) With tin' acceptoi indigo, 

CJl,, CO 0(011) nndi<;o -v CJB, COOH + isafm 

The hv[)othesis of a primary forin.ition ol an unstable peroxide of 
the inductor has been turther strennt hom'd b\ isolation of such salts 
in till' c'a.se of ceruiiu oxide by .lob,’ and in the ease of term and terroiis 
iron by Main hot," tloard and Bideal ' Bolinson and Kobi'rtson 

It IS clc'ar that this hypothesis max be extondc'd m the tollouing 
inannc'i The primary n-aetion betwe'en inductor and ccwgen to form 
an nil, stable peroxide may be reprc^seiitc'd a.s follows 

(1) A + Oj >A0j 

‘ Ber, 18117, 30, lliOll * ZeiUh p/i'/vdal f'A/tn. I'MHi, 34 J-W 

’ .Urew BiimmluiKj, 1880. 3 170 * B^r. IDCK) 33 Mto, .t4«ij 

^ Anti Cfitm I’hi/1 , 1900 (vii ), 20, JC>'> , I'umpt nml I'Mli 134 lO'iJ 
" /.tilsth anorg rhim. 1901, 27 .197, Bit. 1901, 34. -M79 
' Pm Roy itoc ( t). 1934. 105 l.)0 

® J Phys Chtm , 1931. 35, 19 , J Amur PAem Sol, 1923. 45, ‘2493 
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The jHTrkxide AO^ may then reaet with another moleeiile at A. 


(2) A i AO, V 2AO 

a view supported In* Moureu in his extensive n'searelies on the 
mechanism of inlnhition of thesr autoxidations. 

Alternately the jieroxhh* AO, may react with the aeci'ptor B, 

(A) lit AO, vAO + BO, 


to form stable oxides both of A and td li. 

In siiini' cases the oxide AO may la' a«;ain reduced by H to the 


indiK'tor A. 


(4) AO t B - V A t IK). 


In tIk' ease of reactions pnacedine to the stae<' the linal n'sult 
of ovulation is evidently tlie (oinj*!ete o\ida)u»n of t lie acceptor B to 
the stabh' ovule BO. For ('Very moh'cule of B undcreoin;' oMdalion 
at h'ast one moh'cnle of A has niuh'reone a similar proei'ss, but if a 
ri'action aeeordine to (2) can tak(' plac(', inon' inductor than accejitor 
will b(' found oxulis('d in llu' ^y.s1em 

In addition to tlu' cases cited aluo-c, (he folhiwiiic i'xaniple.s indicate 
till' diver'^ity of tlu'se coupled reactions. 


tnr 

IihUh tiir 

' ,\< < I'litnr 

lliiCI. i 

N.i.SO, 


<1, 

<V{OH), 

! Ni(OH). 

o', 

N.'i .S(l, 

N.I., \hO, 

o' 

SiiVl, 

Fe(N'»B).SO, 

o' 

\'.i,SO, 

N.iNO, 


i i i 

riic conditions under whuh a coupled n'action consistini^ of two 
reactions c\(*rnplitied bv Ivjualioiis (1) and (A) may be converted into 
a catalytic reaction in \Nhich the inductor A becomes a catalvst. as in 
indicated by Kijiiation ( f ). have been investijiated bv < loard and Buleald 
who showed that if the oxidation potentials of llu' sy.stem confornu'd 
to the following .scheme : 

lt)i n- HUii; MWvrcii iki(« (ili.'ii 


A B ' I 

AO, BO AOj 
Kio II 


the rcactioti was coupled ; whilst reduction of tlu^ oxidised inductor 
AO w'ould be achieved and the reaction rendered catalytic, in that the 
inductor would function as a catalyst for the oxidation of the acceptor 
B if the oxidation potential of the reactants conformed to the fikdierae 
1 Froc. Hoy (A), l9-i4, 105, 131, H«. 
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{¥ijf 14^) It IS rloar tliat fcho acceptor B can now reduce the (cvfdi.scd in- 
luctor yUJ hack to the original state A, in which it is capable of forimng 
mew fho unstable peroxide AO, 

Iii( rcaMim oxms n iiotPiiti.il 



AO, BO AOj 
I'll! J tA 


This transition from a coupled to a catalytic oxidation process and 
vice versa, in agreement with the h} potliesis of the order of the oMdatiori 
potentials outlined above, was examined for two jiaiticiil.ir cases 

Halts of the colourless cerous oxide tie/)., are foiiiul to undergo 
coupled oMdalioii with arseiutes in alkaline solution, Imt catalvtically 
areclerate tin' oxidation of a number of sugars sm h as glin o.se, lactose, 
and fructose 

The oxidation ]K)tentials weie found to be in the order 

(i ) (lerous .salt (indmtor), aismiitc (acceptor), e(|uilibiium mixture, 

perceric .salt 

(ii ) Hiigai (ai veplor), cerous salt (iiidm for .ind catalv^t), pereeric s.ilt 

In the cas(‘ of Hchonbeins reaition, the .separaliou of iodine fiom 
potassium iodide in the jiresem e of ferrous salts and li\diogen peioxide, 
it was found that in neutral solution the oxidation potential of the 
inductor, the torroiis salt, lav far below that of the .ucepior potassium 
iodide, and that the reaetiori was eon.secpiently coupled In acid solu- 
tion, on the other haml, the relativ'ely high oMilation potential of the 
inductor leads to its constant rc'gcnenitiou in piescnce of excess (»f the 
acceptor, so that the leaetion becomes eatalvtic 

The actual eour.se of change in the ea.se of eeroiis comjKiiiiids ac ting 
as a [uirt of a coupled reaction r// in the oxidation ol ansemtes, has 
been examined m detail by Job,^ who lias identitied the existence of 
eernim salts iii three states of oxidation - the colourless ccuoiis salt 
corresponding to CciO.,, the yellow cone salt t'l-Oj. and a red [leroxide 
He suggests the following uu'chanism of change' 

OH OHx /OH 

2C’e(-0H + 0^ > ()H--;fV^O-- 0--Cc‘^0H + II, 0 

\0II OIH \0H 

Uiistiililp jH'f'jxIdi' 

OHv. /OH 

—> 0H-)Ce--0H + II0-l'e^0H. 
OIK \0H 


' Loc cit 


Ujclratvcl cfrir 


UnAlable 
hydro perojuip 
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While tlie iiitormodiato peroxide theory }i}>{>ears to he well suh- 
f^tantiated. and the theoretical antit'ipations of the conditions (d change 
from a coupled to a (xitalytic oxiilation experimentally veriiied. there ^ 
are nevertheless certain ])oinls which still await detinite experimental ^ 
verification. 

We have noted that Moureu and his co-workers havi‘ come to tlie 
definite conclusion that the jirocess of simjde oxiilation of a siihstance 
such as henzaldi'hvde proceeds throu;»h two .stej>s, exi'injtlilied hy the 
eijuations 

(1) A ) 0;, AO,, 

(2) AO.lA 2 AO. 

The (piestion whether a reaction aetordiiiff to (2) actually lakes place 
has not vet been definitely answered. .\s has already been indieateil, 
Titofis expmnncnts on the oxidation of sulphites indicated the 
])robabilitv at least, if not the necessity, for a iMtalyst to be prcsmit. 

It would appear equallv plausible to as.sume that the mechanism 
jiostulated by .Moiireu reallv invohes two steps, in which a latalyst (' 
]»lavs a part ; 

AO., !(' AOM’O. 

Vi) I V V fAO 

If |to.siti\e catalvsts are actually always recpiired to cause the 
interaction of tlx* unstable jieroxide with tlx* unoxidised siihstance so 
as to form an ’‘electrical cireiiil ''.the many dillicullies associateii with 
tlx' remarkable efi’cets of small traee.s of inhibitors already rel('rred to 
(pp i t2-lo7) do not arise 

The SCI Olid point on winch I'oucliisive evidence is .still la< kiip.( is 
how far tlx* original hvpoilx'sis of the formation of an unstable 
peroxxli' by direct interaction of tlx- substance with molecular oxygen 
is tenable Arrnstrone rej<‘cts tlx* hypothesis, in that aecordiiif^ to his 
view all these proce.s.ses mu.st )>e eh'ctnd vtie in iduirait m- Thus llx^ 
inhibition bv hvdrojien c\anide of tlie d(*com]iositioii of hydroeen 
peroxide f)V colloidal platinum is exjuessed as tlx* formation of unstable 
“ perhydrols with tiieir re\ er.Miile interaction ; 

Oil no . II HO .oil 
J>t; , ! IlPt .oil t 2H.,0. 

' H HO . II HO .OH 

.Oil H . . . OH OH 
HPt.OH+ +OH(CNH)H 

.011 H . . . OH OH 

.OH 

t 2 H 2 O f 21120., + H0{CNH)H, 

H 
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anrl similar hydroxylations effected by the depolarwine effect of oxygen 
on the elements of water acting as part of an electrical circuit must be 
imagined as the mi‘chanism of formation of tin* peroxides required for 
these jirocesses Some interesting peculiarities in oxidation catalysis 
are to be noted in the investigations of Rutter' on catalysis with 
vanadium salts Many examples of the effectiveness of these ( ompoiiiids 
us oxidation catalysts are to be found, such as the oxidation of sulphur 
dioxide, naphthalene, and benzem* with air of aniline by idilorates, of 
mercury by bromales or hydrogen peroxide, and in the (atalytn 
decomposition of hydrogen piToxide 

The general metliod of representation of these catalytic (‘liaiigc.‘i 
may he writ f mi 

MO, f \ r ~-y MO + \ up, I, r 
^ iieecr t X — > XO l-^iuvur 

The necessity for the ovid.ilion jtoteiilial of VmipH to b,* less than that 
of MO^, but less than that of XO, h.is alre.idy been indiMted il <atal\sis 
is to oeeiir at all It is also elear that in .uldition the (po'slion of 
reaction veloi ity in the chenm al reai turns involved must be < onsKh'ied 
'riiiiH we find V" can, like I' ami Fe'^ loii', redme (ert.un liiglier 
oxuh's ions, however, rediue Ht'lOj more rapidiv tliiiii 1' or 
Fe” ions, but reduce UyS^Os less rapidly than tlu'se miis 

The interai turn betweim Ilt'IO,aml 111 is nTitiveU slow and isthn-i 
eflectively (atalysed bv vanadium salts on aeioiint o( (he speed of 
the leaetions V" l IICIO,, V' i IK'lt), and V' i III (to the other 
hand, the reai turns FeSt)^ l lRSd),,orlil t IFS^tl^.iie s(,ir(el\ afleded 
bv vaniKliiim salts owing to the slow speed ol the primarv Ksutioii 
V" t-lljiS^O,, eompared with that id the ferrous or iodine urn Riitlei 
noted also that sm h entalvfu ovulations might In- alteudid with a 
[irimary (oii|)h‘d nsietion, as in the tollowiiig lase 

tdiromic acid i 111 f V" or \ " — > 1,, f \ ' f ( hromiiim salt 

\U(,r VdilSiir liiiliiitDr 
The reaction jiroeecds in I he lollowing steps 

Cr 03 + V" — > t V' CnPi i 1' - ^ <'r.O, r 1 

Such reactions may be attended by jeTiodie [dumomena, as noted bv 
Uray,'' who found that under certain conditions the catalytie dei om- 
position of hydrogen peroxides by lodates according to the reactions 

blljO, y I, =-211103 + HI, 0. 
bHjO, + 2 IIIO 3 = 50, + 1, + 011,0. 

acquired a periodic character 'I’here is, however, a jtossibility that 
such periodicity may be due to inliomogeneity of tlie reacting solution 


Dwsertetioii. Jl<!rliil, llKXl 


* J Amer Chem Sof , 1021, 43. 1202 
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Thk Dryin(j of Oils 

T!k' u.s(‘ of siocativos to accolorato tlio drying of tin* oil in paints 
and varnishos is a vorv usual ono, and has lanui tin* sulijort of inutdi 
(‘xprriiiH'ntal investigation It has long Ihmmi known that linseed <ul, 
when (‘X]tosed m thin tilrns to the air. undergoes slow' oxidation, a 
})ioi)erty used hoih in the paint and varnish iinlustry as well as in the 
inanufaetun* of linoleum 

Jiippertd Wegrr.* and Kissling'* show’ed that llie “drying' was 
virtually a proeess of auto.xidation. and that linsee<l oil eoiild absorb 
or eombine with nion' tlian per cent of its weight of oxvgt'ii 

The react ion velocity of this ju'ocess of aut oxidation was I'lrst 



exaiiiiiied bv A (JeiitheT who buind that the increase of weight time 
curve exhibited the usual sinmuis eliaraeier of an aulocatalvtie reaction 

(Fig lb) 

It had therefore to be assumed that in the oxidation of linseed oil 
to linoxvn, a ]»rodiict, either an intermeiliary or tin- result of some 
side reaction, was formed, w'hich exerted a (atalvtie function on tdn* 
aiitoxidation of the oil 

If u, b be the initial concentrations of lin.see<l oil and aiitocatalyst 
respectively, then the rate of oxidation of the ful after a time t 
wlien .r of the lins<‘ed oil has already been oxiilised, is given by the 
(Mpiation 

K{ii- r){h f x), 


' Znisch nmjeu. f hfm , IHllS. 11, 412. 
® Zftlftcb. (irujtw. Vhem., IH'.ll, 4 , SWa 


2 <'hrm. Urv FfJl.Harz.hxl . 4 . ttO], 

* Ibid., IW). 19, 2087 
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an (‘qiiation of the form norrosponding with tlin curves obtained by 
Gentho m Ins ex])»‘rimentH We mu&t therefore postulate a quantita- 
tive relationship between the quantity of linseed oil oxidised and that 
of the aiitoeatalyst siiiuiltani'Ou.sly geneiated, a repetition of the 
phenonionou notieisl iii the aiitoxidation of the riu't.ils Kxperimental 
evideius* also indieated that the autoeatalyst was a peroxide, as is 
notued in the antoxidation of tiirjieiitine, ether, and many other 
organic Mibstanees, thus Kngler and Weia/berg,* who studied the 
effect of th(‘ addition of small quantities of turpentine on the reaction 
velocity, notii’ed that oil of turpentine which had been exposed to the 
air and (ontained more [teroxide than fiesh material cxeited a superior 
catalytu, activity Benzoyl peroxide and (‘tlier, wliu h have been well 
sliuk(*n with air, likcvvisi* ac celerated the leai tion \eIocitv In coiniuon 
with other aiilm-atalytie processes which can be attiibiiled to the 
formation of an iin, stable peroxide, light exerts a inarki'd cafah'tic 
activity The oxidation aKo appears to proceed fiiither under intense 
illumination than m the dark (Jentin' ^ found an mciease of upward.s 
of ;U per ((lit 111 weight during tlu' oxidation ol linseed oil when 
('xposed to ultra-violet light 

lanseed oil which has birii boiled does not readih oxidise on exposure 
to the air, since the autoeatalytic materi.d originally ]>re,sent in the 
oil IS destroyed by heat and the material itself Ini', undeigone poly- 
merisation to less readily oxidised materials It ieg,iins muiic of its 
activity, however, on blowing with air 

Although th(‘ mechanism of the process ol dnmg h fairlv (dear 
from the above ('onsiderations, fh<‘ actual cheinical c Inumes invcdved 
ha\(‘ by no nnauis bc'cn eliieidafed lla/aira,* Kis-'ling,'* h’r'eiid,*' Baly,® 
(Jaidner,^ Kmg,*^ Salwav,*' and otiu'rs tune shown lh.it sever, il volatile 
products are evolved dining the oxidation ol the oil, including carbon 
dioxide and water vapoiii and certain toxic substances notatilv carbon 
monoxide' and poi.sonous iinsaturated aldehvdes such as .icioh'in 
Lanseed oil contains the glyceridc'S as well as sonic' of the free acid of 
a variotv of organm acids, including lincjh'iiic, liiioleic and olen acids, 
as well as smaller c[iiantiti('s of mixc'd glycerides ot stc'aric, |>almitic, 
and other acids (1 Schicht and Erdmann considered linolemc acid 
to have' the fc»llowing struct me 

('113 Oil. Cli Off OH.3 Oil Off.Oll^ OH CllfOlf.), OO.fl, 

ami linoh'ic acid, 

CTI3 0II3 Oil on Oil^. CH OII(OH,),o. 00.11, 


^ Chm '/Alt 1111)3, 37, HOC- 

® /nUi'li itnijiir (‘hem, 1888, 1, ‘11.’ 

* friK J’ltint If/niisA Soe , 1814, MO 
’ J I ml Eng I 'hem , 11)14, 6, 91 

* J Chim Sin-. lOlC), 109. 138 
'* JJer , 11KI9, 43. 1334 


^ Lk ut 

* limt , 1891, 4, ‘t'l,'. 

* J ('hem /ml, I91J, 3l, .Vl.'i 
“ Ihid 191.) 7 .30.’ 

'* EeiftnJuhnLant, lUI 1, 34. 1 1 
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the glyeerides of which, according to Orloff.* undergo oxidation with 
the formation of peroxides, c.g. 

CHj . CH.^ . CH . t'H . CH, . ('ll , CIl . t il, . (’ll . (’ll(('tl,U . COJi 

\/ 'll 

0 0-0 0 

and 

Vll, . ( Ho . (dl . (11 . (11, . (H . (11((H2)io . ('0,H, • 


0 0-0 
H Ix'iiij; thf' jilycorine radical. 

Faliriun “ coiisidcn'd that th<‘ |H‘ro\idc pn'setit in OrlnlT's oxidation 
products would he unstable and uuderfro intramolecular clianiti’ to a 
kotoxy-^rou}), forintnj^, after condeiiHation and climin.ition of water, 
the \arnish-like stable solid bno\\n : 

( 1 I,,(H,,.( 11 .( 11 .(llo.dl .( 11 {( 11 ,.),„.(’(),K 

“ r i ! 

0 I o o 

(ll^J H,.( 11 .(11 (11,. (11 oil .(’()((1I,,),„ CO,,!?. 

() 

Salway, on the other hand, whilst po.slulatinjn a diftVrent structure for 
linolenir acid from Knlmann. accounts for the formation of traces 
of ahh'hydi's and carbon inonoxnlc ami ilioxide diirin^^ the process 
of autoxidation by jiostulatiiin the intcrnitMliarv birmation of a 
dioxy^Tciiide . ^ 

(11., ( llo((1[.,),.( lf (11 .(11 (11 .(11 (11((11,)7.(’0.,|( 
(1l3.(1lo(( ll.,).,.( 11.(11 (11 (11 ( II ( il((H.,)7.C0,U 

‘ ‘ ! I II 

0 - () 0 0 

ril 3 .( 1 i .,(( 11 ,),.( 1 lu rdio ( 1 j ;(11 (110 1 ( 110 (( 1 I ,)7 00 , K 


f 

((11.,; (11 OHO), (110.(11.(11.00,11 ((.llO.dlO), 

ami 00 

(dl^.dl .dlO)„ 1 00,. 

Linoxyn would thus b<‘. .substantially, a condensetl aldehyde in iin- 
rhanged linseed oil. 

On the addition of very small rjuantifies of siccativi's such as the 
salt.s of manganese, lead, and, more rarely, cobalt, vanadium, and 


' J Hu^y. Vhijn. chfm Sor , 1910, 42, O.'iS. * ZnLnrh. angru.-. Chon , 1010. 23, 

^ .St'o SxUwfty and Kjpping, J. Chem, Hoc., 1009, 95, HJ<», 
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uraniun, th(‘ Hryin" proroas is considfralily shoifceiied and the 
S-sliaped curve folloviH that indicated by II ^ 

It IS still a matter of disfiiite whether the siccative is a catalyst 
pn .sr for the oAidation of linseed oil, or whether it catalyticaliy hastens 
the formation or stabilises the presence of the aiitocatalytic peroxide 
and thus exerts a pseiido-eatalytu fiuution 

K irii(idlly present in vrry Jaree (jiiant/ties file ({uantity of 
aiitocatalyst may be ncfiileeted and the torm of the curve would be 
represeiiti'd by tin* simple eipnitioii 


Some (‘xpenmeiits, hovvevei, by Kideal point to I lie persistence of 
th(' “ period of induction ", followed by a rapid risi* in the value of 
<// ! (I I , we must tlierefoie a'<sume that liie snealne is pseudo-catalvtic 
111 behavioiii and selves t'lthei to slalnlise oi assist in the formation of 
th(‘ aiitoi Utah lie peroxiih* 

The metallic salts ol weak ai ids me usinillv eiiiploved, c q the 
boiates These, however, siiiTei fiom the disadvaiit i^fe ol heme 
ilisohtbh' in the oil ( nder these conditions tin' iiilliience of the 
siccative present as a heteiopfeneoiis pliase in the oil is not \eiv marked, 
and. at lh(> s.iine tinn, the small solid parte les pn'sent in lie' oil, even 
wIk’ii lh(‘V are (dii'iiiKallv inert ,is, lor ev.iinple in the case of sihea 
or Imivtes, ait as negative latuhsts,- sinie tliev a^si^t in the de- 
composition of th(‘ aiiloi alaL In peiovides For this lea'-on soluble 
orj'anie salts, iisn.illv the .soaps, are ijenerallv empluved iasid oleate, 
cobalt. Iinolcati', .ind manganese rosin, ite .iie ex.miples ol sin h M)a|)s 

Ineh',’’ and Mackey and Inehs* as a lesnlt of a hiiie siTies of 
investiftations on the aition of sncatives, .irrived at 'lie lollowiiie 
eoncliiHioiis 

(1) in its oil soluble foim, ic as a solnlde inetalln .soap tho.se 
melals whiih exist in nioie than oni' state of oxid.ifioti .lit .is diiers, 
jirovuied that the salts of the lower oxides are more st.ible than tho'-e 
ol the hielu r oxides 

(2) Metals whiih form a number of oxides are more aifive than the 
mono- or divalent mt'tals 

The results obtained in the inveslif^ation,-' of Injile are summ.irised 
in the follovvm}j; table (Fi" Jb) The bhnk hues indicate' the time 
reipiired for 7 gnus of cotton-wool, oiled with 11 grins of linseed oil 
(iodine value 17.H), and mixed with 2 per cent of metallic soap, to attain 
a temperature of 20(t’ in ,i cloth oil-ti'ster The shailed lines give the 
corresponding times recpiired for 14 grins of oliv'e oil (iodine value .Od) 
to attain the .same temperature iituh'r similar conditions 

(kipper proved to be .somewhat erratic in behaviour, acting hrst as 


' .Sfi' (I 221. nnw 
= J Soc (%m Ind, 11110,35, 154 


^ liinliiiT / hiJ hill/ ( hni , mil, 6, '<1 
* llnd, 1017. 36, JIT 
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an accolorator arnl subsinjinMitly inhilnting tho nxicbitioii. 1( was 
shown that tliis action was iluo to ilir pm'ijhtatiiin of cufirons oxide in 
the oil on elevation of the teniperauire. 

It will he noted that both sodium and ."ilver show ealal) tie aetivilies 
which are considerably hi^hor than w'ould be exjiecteil from Mackey 
and Inule's generalisations, and (or which no explanation is as yet 
forthcoming. 

Kurtlnr investigation on (Im inllm'iiro of H' and OH' on the 
reaction vrh)city may indii'ato that the optimum conditions are to be 
found when the oil, W’hich always contain.-t small ipiantitit's of water 



Fio. 11). 

resulting from the antoxidalion, is slightly alkaline, the sodium soap 
serving to mmtrali.se the small <pianlitn*s of relatively strong acids, 
such a.s acetic and formic acid, which are by-pro<luc,ts of the oxidation. 
In the case of the silviT soap, thi- jirecipitatioii of ladloidal silver, 
ospeciallv .since (’iigO has l>een shown to be formeil abo\e may b(‘ 
exjiected. and this would probably show imhaneed acti\’ity as an oxygen 
carrier. 

Ingle attribute.s the action of .siccatives to the intermediary forma* 
tion of peroxides. Thu.s, on the adilition of litharge to lin.seed oil 
partial saponification of the glyreryl linohmute r<‘sult.s in the formation 
of leatl liiioloiiate and glyceryl plumbo-linolenate ; 

< 3115(0^.1 r IMifOl.).. 
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I1M)1U>':1A AN!) H\ DUniJKN \‘| |(»\ 

ThI'. M\M ! \< II KK <)! Ih IHUMJKN 

Till mcic <'inj>!t)\ iiu'iil uf li\ <lr<);f.Mi iii modern technical ]n’oet'ssej<, 
a> tor (‘\am|ile, m the h\ tlronenat ton ol oiK and tin* li\alion of almo- 
sj»iierii' mtioeeii ii'' aimnoiii.i ha'^ ( real«-d the |>rohlem of a i hi'a]) 
h\dioL'i‘n ■'iipplN Mureo\er. the d( mand in (.italvlic hydroet'iial ion 
|lIol'e>^^e'- tor |inr!l\ of niat(Tiais nei (•■^sitati''^ in nianv cascK I lie pio- 
(iiiction ot li\ drite*-!! Ill a hnili <le'jrer <tf |iiiriiv 

The •^ource', oi hvdtoei'ti ''ii|'pl> are \anoiis Electrolytic hvdro^en, 
laliirailv. tan he icadilv ohtaincd witli tin* nec.'^sars decree ot iniiity, 
hut tile ( ovt faiMoi 111 the ma|oiilv of ( in iniAtatM es renders its ll^e 
[I! ohilnt i\ c 1J\ another imtliod, in ii'<‘ on a l.irce teihnical scale, 
hvdroj:eu l'' [iroduceit llV the decomoo''ll |on of st'Min in preseliei' of 
hcaiMl iron the resiilline o\ii|e o| ;ion heme iMinced to tlie nietalli(‘ 
condition h\ means ol uater Lias Wit 1 m arelul recnlat mn 1 Ins ]»roee8,s 
mi\ he made jo \ leld llVillocen ot the re'jllisite |nuitC Without due 
attentiom however. th«‘ |)rescn( e of inohihitive < oneeiit rat ions of eartioii 
moiioxide m the eas. resultme from the aitioii of steam on lailion 
de[Mi>ite-i in tlie iron from th-’ wa’er ^as during the lediicin;/ ptiase, 
mav remier the hvdroeen nn'-iiitahlc for list* m <-ertaiii (atalvMc opeia- 
lion> Kurt iiermore, the »‘conom\ <•! the process is, at pre'.ent, low, 
and thiM'osT fact<ir. 1 lierefore siMii-what Inch 

The analoe()us jtroeess of lieieius, already investieated iijimi a, 
small tei'hmcal ‘^eahn e'merates hvdiocen imdtT hieli jiressuii' ami with 
ureat j)untv, h\ the action of Inpiid water upon finely divided iron at 
moderate temperatures in closed st<-el hornhs The pressures emplo\')'(l 
are generated hv the react nui itself and an' sufficient to maintain the 
water in the Inpml state The t<‘m))erat tires retjuinsl, apart, from the 
initial lieat necessarv to start the reaction, are maintaimMl hy the 
exothermieity of tlie reaction laki* tin* previous method of prepara- 
tion, the proces.s is iliscontinuuus, the oxide of iron jirodueed simul- 
taneously with tin* !iydroe«*ii refjuiring suhsmpient reduction to the 
metallie state 
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UH. 

Hydrogen may also lie j)ro(lii<‘('(l from water gas by liquefaction 
of tin* carbon monoxide at the temjieratiires of liquid air boiling under 
reduced pressures Rv tins met bod complete separation of the eon- 
ditiients of the water gas is nnt leadily attamalile and, in common 
practice, a liydrogen containing from 2 to .‘5 per cent of carbon monoxide 
IS generally obtained A more lompletc separation of the two gases 
may only be obtained with a prolnbitive decrease in the yield of 
hydrogen, since a mixtiire of hydrogen with 2 percent of carbon mon- 
oxide behaees almost exa< tly like hydrogen in its phvsieal proju'cties 
Actually, the yield of hydrogen \\(;iild be (onsidemblv iiureased if a 
95 jier cent hvdiogeii wen* olitamed by the liqiiefaetioii process, the 
rmnniiimg 5 per lent of carbon monoxide being siibseipieiitly reinovisl 
by other means 

The water-gaa catalytic process. --The must recent tec hmcal method 
for the production of hydrogen, and in main uaxs the incest piomising 
as legards clieapness ot piodiiction in\ol\es a calabtic cepeialion 
using water gas and steam a.s flic teaclion nialcTi.ds In the prescnec' 
of suitable catalytic agents, at legiilated teinperattiies, carbon mon 
oxide and steam hmc t to v lelcl c aibon dici\ide and hcdiogcm (dilising 
water gas, tlieiefore, a gas luli in ludrogen would result, the problem 
of hirtlier purduatioii iu\ohiiig the iemo\al ol the c.iibon dioxide 
fonned and ol lhc‘ iiikoiim rtisl carbon monoxide 

'I’lii; rtau lion oc c lining winch max be Icmiuilated 1)\ me<ins of tlii‘ 
('C|uation 

('() + 1 11 ,, 

jH in reality an eqnilibimm process, the direetioii of flu' leaction being 
governed by tlie lem|)eralnres iiiamtamcd and the concentrations of 
tlie rc'Sjiectivc' c om|)oiic‘nts 'I’lie ecniildiriu olitaining ,n xaiimis tem- 
peratures may, m the .ibsincc' ot (‘X|)t‘riniental cl.d.i over tin' wliole 
range of temperatiiies recpiiied, he calculated fnmi tin' c xpeninc utal 
work of Halin' .it higher lempeiatiire.s In this wav the following 
approximate value's for the equilibrium eonstaiil 

I- PlUO>- Pi o 

Pii.^Piii, 

at till' vaiioiis tc'inperatiirc'a are obtained 

'r 100 .voo 000 T(K) son 

A 0 0.'> ol 0.1 0 0 O'l 

From tbc'se figures it is obvious that liigh teniperatiire.s lavour tin 
production of carbon monoxide m agreemc'iit with expetieiue in water 
gas manufacture Imwer temperatures favour the production o 
carbon dioxide* and hydrogen The Ictw'er the tompc'rature at vvhicl 
the water-gas roaetion oeeiirs, the grcuiter will be the conversion o 
carbon monoxide to dioxide with the coire.spomluig iiu reuse in yiek 

* Sfp lliibcr, Thtrmodymmti of Trchmeal (Jai Hdiclion-., 
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and purity of hydrogen. On tin* otlu‘r liand, dcrroaso of tiunporaturo 
slows down tlu; roartion voh>rity. so that, in prailua*. a low limit to 
the teinperaturo will he .M't helow whirh attainment of (‘i{iiihhriuni 
fonditions roqnire.s tin* presenee of eatalvtie ajj^ents. It i'^ ohvioiis from 
these faets that, for the sueeessfiil prodiietion of hvdroff(‘n from water 
lias, eatalvtie aj^tmts are reipiired whudi will rapi<lly j'romote the 
reaction at as h>w a temperature as pos.sihlc. 

A eonsiderahle pat»‘nt IitiTatnre n-lative to tins process alnaidy 
(‘xi>ts The ha.'Nic patent for the jirodiution of hydrogen fr<Mn ^ases 
('ontaiiiine the same in admixture with carhon mono\iile and hydro 
earhons was ttraiited to Mond and Lamjer * Aicordimj; t(t tins inven- 
tion. the ^niscs were to lie passed with exei'ss oj steam over heali'd 
catalysts, lor example, niekel.it temperat ures of d'al lOth. cohalt at 
4(K) The liydroi'urhons wcri# said to he decomposed, while the 

carhon monoxide was eonvcrtecl to the dioxide, whiidi was thereupon 
nmioyed It w'as suhseipieiitly claimed that tin- ifa.s produced wuis 
almost fn'c from carhon monoxide I'dworthv sueeesTcd the employ- 
ment of UK kel or iron m a sumlar manner with <1 mixture of water j^as 
and sti'am. A j>aten1 of Pullman and Klworthy- pioposes to sep, irate 
the carhon dioxide ami hydromui hy processes oi dillusioii and of 
fract loiial solut ion in P.mT \ itinon ajiplied hu’ a p.«tciil for a pioi'ess 
as ahoN'e. usine iron or oxide.s or platinum at red lic,it, Tli(‘ patent 
was not granted. ICllis .ind Kldred ‘ employed nickel, non, or man- 
Ljain'M' for catalytic aueuts of the water eas steani reiietion, usinj,j a 
.specially desi^fned ->up«'rheated reai'tion cliamla'r. Nhihcr and .Muller^’ 
sue^est the us(* of a ( oiitact mass of rhodium or palhidiiim ashesto.s at. 
a workiiie temperat lire of s'Vl riii’y chum a product with less than 
<!• t per ci'iit ot carhon monoxide, It is ohvioiis that, at a tmiipi'rature 
of StH) Mich a low cmilent of carhon monoxnle can only la* obtained 
hy the Use of laree exce.-si-.s of ste.im, which would render the proce.ss 
('conoiiiicall V impo.ssihhn More recently a eonsiderahle numher of 
patents havr' heen ohtaincd hy the Ihidis* he Amlin- und Soda Kahrik 
relative to tin proi'ess. which has he»*n estahlished hy them on a 
('omniercial basis P» P 2h77() P.tPJ < alhs for the carrying out of the, 
jirocess umler pries, sun‘> of -l-lo atmo, spheres at temjierature.s hetw'ecn 
the limits of .TK)' and htK) . usine nickel and eohall as ('atalysts The 
increase in pnxssure improxes both the reaction velocity and the lieut 
regeneration. So eondiicleil it was claimed to he .sjieeially ii.sidul for 
gases with small carbon monoxide, i oiitent hater, m P.M2,^ an im- 
provement was patented for the mamtenanee of tile rcrpiisite tem{>era- 
turo in the eatalvtie, rna.ss hy the addition of air or oxygen, wliieh, 
eomhimng with some of th<! hydrogen, giuierati'd .sutlieient heat to 
enable the pruecs.s to he maintained eontinuously, especially if only 
small amounts of carbon inonoxiile, were pre.sent A patent of iftl3’ 

I H.R 12iX)S ISSS. * n.P, 223tU,lS!M. » V,.\\ nmoUWl. 

< U.S.P. S.>4lo7 IIKIT. * B i\ 2U*»*3. llU I * H P 27117 ^ H P, 279 :m. 
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by (!i(' siujH' ('onipaiiv doula Hjtli siiitaltlr fataivsta, tlio baais of winch 
was oM(l(“ of iron witli siiitabli bindiiifj; a^onta B I’ 1013 is 
( oncc-rncd with (atalvsta < ontainiii;^ tiickol, cobalt, and suiiilar sub- 
KtaiKcH, wliK li a|i|)ar(ntlv lend t<iwa[da tlic sinudtaiicoiis prodintion 
of tiid banc, hmk c BP 27')()‘{/'l',)l3 deals with (alaUsis wlndi do not 
[irodiicc inctli.uic b\ side n.Ktioii The materials In re (it(‘d as 
( ata!y,>ts are numerous and in\ol\e as basn substance |)im(i|iall\ lion 
o\ide in admixture with one or more siilistames art.rie as [iromotcrs 
of the a(ti\il) of tin iron (p\ide (’hrommm, imkel, aluminium 
tliormm yim, had. iiMniiim, and other oxides ao' ( ited in this coii- 
instion A kill r p.ifcnl ^ lelurns to the claims of BP iT'Cifi P)13, 
Hm|)lifvinn them b\ (lairmiifr, for us. as ralahsls oxide, liulroxide, 
and I'lirboiiai eons iron ous cm)dovcd iitinr m hulk or broiieht into 
.Hiiilable form b\ |iowd< liny and adinixt un with Iniidiiie ayents The 
minerals ein|)loved should [irelcrabh be fi..' from sulphur (hloiine, 
phosphorus and silnon ihouyh simill aniounr- nl ihcs.' ,ire said to be 
peimissible It is insisted \Mth riyaid to tin |irodu(tion <if ,dl these 
ratal\sts, th.it liiyli temperatur* s should In .ixonhsl in the (our.si' of 
prcpai.ition, and a limit is set ,it ]iiefeiabl\ b. low h'ltl li isobxious 
that Midi limit, itions exdude fiorn use the oxide of ilou (ditaiiied li\ 
the ro.isliny of pvrites ores The utilisation of this riiatui.il for 
(atal\tii picj), nations is tin' Mibjeit ot a pati'iil h\ Bin haiiaii and 
I\bixtcd ” w ho < hum I he usi id tin oxide o| non o! t nm d tioin sodium 
fcriite as catiil\st The ni.ili'ii.il is pi. pan d h\ liiooii o| hiniit p\ iitcs 
with sodium laibonatc ,it clex.itid tempi latiin s tollowi.l lo hxuia- 
tion (d the m.iss thus obtained '1 he m.iss .d non o\n|, s., pnpaied, 
and (ontiiininy some iiiidci oni|)osi d ieiriti is ilaiiind lo ciii uood 
coinerMon ,it inodci.itc icin]ieiat iiti s \ suni.diiiLi pati ni of 
Bin haiian .mil M.ixtcd * i hums the use ot nn t.illu i oiipl. s as miprox i d 
lalalx.sts 'I'hii.s.bv tedm turn ot the non oxnh obt, lined in tin m.iniier 
( ited in the pn \ mils p.iteiit and b\ imineision ol i In non thus pmilin cd 
in a solution ot i oppei salts a nudalln non i oppi r i ouph n idu.miid 
with which impioved I'oii version at nn reasi d \ elm Hies |s d nun d 

'die .idiial material used in tedinii.il operation will di [lend not 
onl\ on (alaUtu .ntixitv but ,ilso on f.utois sudi .is lobtistniss of 
cal.dxtic 111, lien. d .ind diir.ibilitx tow.iids inijuiiiti.s m the i.u\ 
111 . lien, iK used for in.imifact lire Oxides of iron, citlni liom nni.i raK 
Midi as spathn ore, or prep.ired from non compounds ..r.' the main 
t oiislitueiils of tei Iniic.il latahsts Ihoiiioteis >ui h as i hioinium and 
ci'rnim oxides improve the oxides of iron maikcdlx The teditm.d 
di'tails of the proicss nei'd not lie yiven here since tln\ h.nc been 
fully treated in a mimlier of publications ‘ 

.\ssviminy a xxorkiny temperature of o(K» .uid .i lat.iKtn ayeiil 

' n e iiU'ii I'lu = It 1' t)47i> 111! t ‘111* m:: nn i 

‘ .Sc, fei . \,ini| I. I’iivlei, I nilu^ii ml //i/./'.ia/w . ha]) ill (( li, iim 'll ( 'tliil'O * " N' " t ..rk, 
lOL'J) 
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c:i])ai)l(' of jiroilucitifi o(juilil>riuni a< rajiol jras volooiiies it is iiitorostinp 
to tioti' th(' iiro<lin‘ts lo 1)0 ohtaiiiod from a comiihTcia] hlno wat»‘r 
Uas cniitaimii^. Na\, li) |K‘r ot'iit of carbon momtxjdt* Al olH) 

/Ml,oW^<) 

/bL'/'.o, 

i,'' ajiproxiinatrly ('ijua! to d-l. .so that with ccpial cotucnt rat ions of 
.steam and hvdrom-n m tin- exit li.jscs it is (t|»\ ions that ,i /)( (», tt-l . 
liiat Is. there wouid lie .ippro.ximalelv 1 per cent <*1 carbon nionoxuie 
in the nsidu.i! ))roiliuls when the steam \\<is eliminat<d In praitua* 
It is <aist(Mnai\ to reduce this perc<'ntaL'e b\ .'mplovinjj: (*\ee.ss ol steam, 
til'' amoiint ol lediiction biMiii; eoveriua) b\ the amount ol steam used 
\ppareiillv the lies) eeononm- bidame is .secured 1)\ em]ilovmL.' siiHi- 

< lent st(‘ani to ledm < the carbon nionoxnle eont<’nt ol t he lesuln.d f^as 
to '2 p( r cent This in\ol\'es. ineoidiim to the iMpiilibi Him data, a 
steam hxdroeim ratio in thi* exit yascs ni *J | oi an initial laliool 
w.ilM' Lia' to strain ot ! \ o} w.itei n,|v to 2', \ols ol steam, iiei ordine 
tot he eipi.U MMI 

II. ' i i) ■ Jll, . CO. . 111,0 

w a. r L'O 

1 sini! ill's, approximate (plant it les, .i Ixpie.d .ina!v.s|s the ii suit iiij.i 
e.is will be s(,mi-\\hat of lh«‘ older ti.h per < ent ('(>, bi) pm eelll, 

< c J pel ( ent Nj (‘1( per cent 

III'' 'hernial bal.inee ol the pioees-, m.l\’ now be eoiisldeied The 
le,u I loll 0 ( ( liri lllL' 

CO • 11,0 -<0,1 II, 

Is * \"1 111 I line, In.iMKl cals b(‘imi llbeiated per nioletnle ol eaibotl 
niom.xid,' ( .iii\ '•rC'il With e,„„l h'Mt < xi haii'jeis capable ol viehliii}! 
a T ' p'T ei'iit heat reeeiM'rat ion. th<’ exobition ol he, it is ,siillieieiit to 
( I't all eoiidm t loll .iml i adi.i t ion losses Onl v .it st a 1 1 me i.s preheat i no 
I'spimite. foi wlmli pini»o,se \\at<T n.is m.i\ Im burnt Subseipn-nt I v 
the mixed u.iter e, Is and steam ji.m.s t hroiiLdi he.it e\( haneers m which 
l]ii\ .ire brouiiht to tin* leailion temperatiiie ol about ,b(Ki b\ means 
of ihehe.it olthemxit Uii.sea |>,is, sin, j; m t h'- rc\ ers(> dit' et loll and leiiNiiiii 
the heat ex( hiiiieeis iit a temj'ei.it lire ol approximatelv biO With 
siK h ,i proeediiie the pro, css m eoiilmnous .i brntor of eonsidi'rable 
.id\;inta^n- lis eonijiareii witli other pro, t'sses of hvdroeen jiro'lu, I ion. 

Ill, eemomy of the ])ioeess max b,* illustrated limm another 
point of view Consideration of the reaction cpiatmii will .siiow that, 

1 heoret i( ally for tlm production ol I x,»lume of h\droe'‘n, I volume 
of \v. It, m tias IS leipiircfl. In |,ja, tiee it is el.iiimsi tiuit M volume, s of 
xvaler ii.m are suifi, lent 'I'liis is in niiirked contrast to the londitions 
obt.iiiiinu in the ste.am-iron proccs.s. in which fr’<»m 2 to I xoluim'.s of 
xxuter eas are reipiired, accordinji to jiraetical experien<-e for the pro- 
duction of 1 voiiiinc of hydrogen As rcjjfard.s the ecunoiny of steam 
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ill the procosH, it must also he oh, served that althoufjli an excess of 
steam is required in this process to decrease' the final carhon monoxide 
conti'iit, the steam consumption is much less than in the intermittent 
stiam-iron jiroce.ss, in wdiich, as at jirc'seiit t'mployec], as much as thri'e 
or four times the theoietical amount of '.team reipiired is employed for 
the [iioduction of unit yoliinie of hydrogen 

A flirt ln*r adyantaee of the ])ioeess exists in that (Hide water f'as 
may hc' employed, no special piinhcatioii other than the n'lnoval of 
nu'chaimal impurities, sue Ji as flue dust, hein<f reqiiiied This economy 
is rc'ali.sahh' owme to the tact that all the organic' siil|ihm comjiouiuls 
])resc‘tit 111 I he }fas an* eonyc-iti'cl c atalv tieally into sulphuretted hydrof'en 
This [iioce.ss c)f siiljihiir coriyersion is interesting' in othei comic'c tions 
and IS dealt yvith in nioii' ch'tail c'Kewliere m thi-. hook The siil- 
phiiretteil h} cliofrc'ii foimecl in this manner, toeei hc'i with t hat ori;'iiiallv 
piesc'iil HI the {^as, c an leadily hc' lenmyecl from 1 la leMillms' jjas mixt uic- 
aloiif,' with the cailioti dioxide Ohvioiisly thi'iefoie, the In diode'll 
ohtained, bem^ sul]iliui free, is especially suitable foi ceiiaiii eatalytie 
operations as, for c'xample ammonia syntfiesis 

The cli.sadvantaees associated with the' eatalytie pioee.ss may be 
i‘numc'rated In tlii' fii.st place-, then’ is the lemcnal of the carbon 
dioxide, wliieh foims upwards of T) per c cut ol tin c'xit erases Irom the 
eonden.sers ,\itually tins is carried out in practice b\ a system of 
eouiiter eiiirenl wafc't-washinp iiiidc'r pic ssuresof alioiit 'HI atniosplieies 
The system is well tiic'd and yields hydreccren wnh a caihoii dioxide 
conteiil of h'ss than I jh'! cent which residue ni.i\ be suhseepn ntlv 
remoyc'cl by liini' or alkalis It the hydrocren has .ilteiwaids tec be usc'd 
in till' eompresM'cl .st.itc', the eompres.smn costs aic- tieirlnrihlc' barge 
(piaiitities ol water must ticressatilv be c oin eriieiitly (o liaml howc'ycT, 
lor till* opcTation of the ptoei'ss l',iit of the' c'liergv nicessaiy' ior 
pumping the water is recoyeiable hy' making the issuing water work an 
appropriate motor by nu'iitis ol a belt on wln-el ana ne'e me nt J(l to htj 
pel c'C'iit of the eneigy niav be lecoyi'ic'd Siniultaiic ccii'-U wnh the- 
ca rhon dioxide sulphuretted hydiogeii is also leinoyc-d \ certain loss 
of hy’drogeii occurs duimg the pioce,s.s of water-washing, [>rc sumahly of 
the oiclei of 10 [ler cent 

'rite- lemoxal ot the imeonyeiti-d carbon monoxide' forms ,i second 
obslac-lc- to the- utilisation of the catalytic jtrocc-ss .Niinieioiis methods 
have bc-c-n sugge-sted for efTc-cting this Certain procc-sse-s itnolve 
mc'thucis of absorjrtion, for c-xample, by aminomaeal cuprous salts under 
jrrc'ssiire Tin- eonvc-r.sion ot earbon monoxide to ,soeluim formate- b\ 
hoi eaustie-.soda solutions unch-r pre-sHiin- has also la-e-n utilised for 
remoyal The gases w'hen fre-c-d from caihoii dioxide and sul])hur 
comjrormds are also ,sulhc'iently juire to enable one to ic-uune the- 
carbon monoMcle by conversion at the expense ot hvdrogc-ii to methane, 
using a nu-kel catalyst The Badisc-he patent ^ previously cited rc-cliaes 
'HI' Jt.770 i'll.’ 
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tKc monoxide content of the gas by repetition of the main catalytic 
process undi'r pressures of 4 -in atmospheres. Prefenuitial combustion 
of the carbon momtxnh' in the liydrogeii has been proposi'd by Ilarger 
and Terry ^ and ajiplied to the particular product from the water-gas 
catiilytic proi'css by Hideal and Taylor" with a ]iigh-tem)>erature 
(2(H)'' C ) catalyst of iron-chromium-cenum oxides, am! bv Laml), 
Scalione. and Kdgar ^ w ith a catalyst consisting of copjier and manganese 
oxides at temperatures ladow int) (’. It is obvious tliat the particular 
proc(‘ss adoptf’il inav lx* go\(‘rned bv various factors opc'rating to th'ler- 
mine the l•h(X(■e4 

F(»r certain purpovses a furth«‘r disailvantag** of the catalvtii’ process 
lies in the presv'iKx* in the final hydrogen of the inert gases, c // nitrogen, 
ini'tliaiie, et(‘ . prot'iit in tin* original water gas. For ammonia synl hesis 
the presence tif nitrogen is no <lisad\antage. Tn other catalyti<‘ (tpi-ra- 
tions it may act as a diluent, and in circulating systems tends ns dix's 
nn'thane also to aecumulate m tin* gaseous svstem and so linally 
bring about a stoppage in tin* pnx*(*.ss tor the rejection (d tin* diluted 
hvdi(»gi‘n. or a constant loss ol spent gas bv eontinuoiis renio\al from 
the eireulitory syst<'in 

111 spite ot thes'e disad\ antag<'s if would seem ihat the continuous 
eatahtie process is the eln'apest and most j>romising of the ju’oeesses 
for large-scale hvdrogeii pr<Klintion li is a proee.ss also which still 
(ijb‘rs (’onsiderable po.ssibilitn‘S for developnnmt and improvement, 
maiiiK in the treatment of tin* gases obtained from the eontaet mass, 
'file eth( iency of tin* process up to t liis st.ige may be ri'garihMl as alr<'a<ly 
\ ('TV high 

The problem oi removal of tin* larg<* (piaiitities oi carbon dioxide 
obtained bv eatalvtie t onversion ol wat<‘r gas and st,(*uni is the object 
of another senes <»l j>utent<‘d prot esses emplove<! ujxm a te(>hmeal scahi 
bv the tJriesheim Flektron ’ 'Pin* eatalvtie material is Imn* suitably 
aetivated by admix'ture ot snbsiances like ox’<le of non Operating at 
temperatures of 4tK> -oiH)', eonvei.sion to earlxm dioxide and hvilrogen 
of the wafer gas and sti*am is rea<lilv attained 4 he lime ai those 
tern jierat ur(*s absorbs tin* carbon diovnh*. vielding carbonate, sinct* 
only above b(X) do(*s the dissoiiation pressure of eah*ium carbonate 
become mark(*d Absorjttnui ot tin* earlxm liioxide distinbs the 
etjuilibriuni w'hieli otherwise would prevail, and so tin* earlion monoxith* 
is thereby more compietelv' removed Abo. tin* resulting izas does not 
contain the largt* quantities of eaiboii dioxide obtaiin*d in tin* jiroecs.s 
jireviously consi(ler(*d. On tin* <»tln*r hand, it is obvious that <rwing to 
the ermversion of the lime mto <*arbonate tin* proe<'ss is necessarily 

1 |C1‘ |J7,exl'.U7, l!»l!l, 44. S') 

» ./ Aui‘r ('hf>n S„r , IDJU, 44. T.’lM. 

^ For ii complfto 1ri'«trr.tnt of Iho iiidiislrMl proMt ms in tli<- iinnuf i< tnir of l)\ lro(;< n liy 
tlio \.iriou‘< pr<io. ssc**. >Mo Tnloi, huh^irud Hifiruijin, \ i Moiiogi.ipli U 1,. mioil < '.il,ilo^ 
Co., Now York. IIUI) 

B.l’. 2.723 IWy. 


* .KiiuiHtoii, / AiHff ( hfni. S<t<' , 11)12, 32, UUi, 
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(liHcontmuoiis, Ili(‘ Imic i(*(|iiiiiiiir M‘<i(‘ni'i<iti(»n hv lic.ilinif to iiioit* 
clcvati'd tciii|nTiitur(‘s The (•m|(ln\ nu nt or icjcctioii, I li(‘r('foii' of 
HU( li ,i [)ro( ( s^i as an altcriiatiU' to I lie calaUtn ]iro< (‘ss ima loiislv 
( onsi(l(‘n'(l liiiiircs on llic ((ononiv of tlic i('i:(‘n(‘iati(in ol (lie lunn 
cal.iKst aa ii^^aiiist flic |iro((ss ol u.ifct-wasliinu ninlin |ircssurc It 
will !)(' obvious tlial toi a l.ircc-scalc IimIiocch jilant tin* liinc r(‘(|U!r('(l 
will be (Mionnoiis ol tin' otdi i of Kill lbs of Imu |oi KKM) < nbn iici of 
wafer i^as ( ontaiiiiiie Ti |Mi(enl ol (aiboii inonoMdi' assuming that 
its tniicli aa Indf fin lime inav In (onvmieil tn (.nbonati without ini 
jiaiiine its ability to riimue I 1 h‘ laibon dioMdi lioin the lMscs [iio- 
dined It IS doiibtinl \\hethei tin e\|Mm-i ol letani ration ol s||( h 
([uaiititiis ol |||,|(> would (oni|)i'te in .1 larv'e leihimal unit with ihe 
(ontiniloils still III ol reniot.d ol laibon dioMih b\ i oiintm -i 111 rent 
water-washine l)isiiitrM;i,j) 1,,,) il,, lim,, dnnuir ib, |iio(cii also 
toiinsa fiiilhei d isadv .1 n I ■!”( m [nai ' n <d o|ieiation 

The oiieiiial |)aleiits loi ih' linn nroiii, w<i( dm to Ti ssn dii 
\Iotu\ (ISSD) The I in I II o\ I im lit o| t he ( u 11 sheim I'T kl loii ( 'o w Im h 
(oiisislid III Ihe addition of 'i per nut ol iron powdi 1 to <11 1 a^ an 

am eleialoi was stndnd I Inoiei n all\ b\ Imiui K ' who luiiiid that 

mpiilibiuim ( onditioiisi onid bi obi aim d at niaiki dl\ imu m d \ i hn iiu s 
of passaee ol Ihe steam wall r eas mivtiiie win n mk Ii ai tivalors weri' 
piesimt It IS oliMoiis Ih.il the addition o| ihi iioii ii niU |o piomotc 
t he watei e.ii II ael ion as in the I out inmnis i al ih 1 1 pon , 1, det.llleil 

ab()\e and, llieii ton , also pmniob s tin atl.iinim n 1 o| 1 pinlibiinni wiMi 

the lime Doiiblless loo, it woiihl In loiim! ih.it i|i .nm, ialal\ils 
(non oxide with piomohis) ol ihe (o|ltlnmlU^ pioim would .i|so 
aeielerale ( on.sideiabK the lime proms I'aitlni a imtliod <i| pm- 
( ediire .should Ik possible in w Im h I In sli am wah 1 lms mi\ 1 im p.issed 

fiisl al loo -.blH) o\ei an iuI.iKm lor tin w il. 1 -.Ms i, .n 1 nm 

then inei him' in a skoikI (hanibei niainiaiind al iln s.nn, lunpii.i- 
I lire to iemo\ e t he i at bon dioxide .iml (iiialU o\ i 1 ,i I im hm mass 1 li 
1 he oiininal 1 alal\ In matin, dm wimh I he n sidn.il i ai bon rnonoxidi 
should b(‘ llilfhei (onteiled b\ sh ,im to laibon dioxnh' k .mim oiil\ 
iiHiiimal (pi.uitities ol ( aibon monoxide in the litdioLO n obi iim d 

\( ( ordiiin to Mi'it/, .iiid \\ eith - i ai bon nioiioxidi an I ni ,uii n ,u t 
when passed o\ei .soda lime at leinperat tii es ol km and npw.nds 
Tills niethod ol maiinbu tore of Indioemi has Ik mi siiuni.(,,| tm 
ti'elniie.d opeiatioii by (he Sm n'te ei mrale des Nilinn s nl I'.nis ’ .iml 
the ('hemisehe h'abiik Ciiesheim Llektioii’ If h] W ikun, I bisskn her 
and iMastersoii bate studied lln* re.Rlion in sormwhat Lin itii dil.iil 

iiini ( om hide I hat soda-liines wil h hinh < austn -soda 1 oiiteiit ,ue better 

than those with low, or than lime alone The liprim r tine subslanti.dh 
Complete nmioMil ol 2 pew eeiil uirboii monoxide in Indronui inixtnns 

' hisiiilitiKK KinlsnilK mil (him th-. I'ijn 14 ,'i'i 
- Hu . ISSn 13 Tl'l ' Il It l> 

‘ 1! I’ i.Kim mu • / /„,/ h,j < I, 


m.-i 15 
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at MToiiiul tlM) (' Small aiiKumts of water vapour are helpful, tiioii^^h 
not es'^ential, to the ejli»‘it‘U(*\' Thesr authors elai?ii that tfit' fumla- 
?iiental reac'tion for the removal ol the ;:as at the hiulier tempi'rat iiih's is 
('O • 2NaOll Na/'O, i 11.,. 

\n alternative senes of ])roeesses for the pnaliietion of Indroeeii- 
earlion dio.xide mi\tur<‘s Irom steam and <'oke are emhodu'd in the 
pritent el. urns of Dietfenhaeh and Moldenhauer. Instead of emplovin*i 
e.itidytio aiieiits to hrin^ about tlx' vnitei pi', reaetion. tlie.se claimants 
|)ro|)osc to t.n ilitate, h\ atldition of e.ilaivsts. tlie reaction hetwcim 
coke and " 11 ^ 110 . ^'O that it max he (arrieil out at sm h low temperatures 
that the pioducts ot internet ion aie priiicipallv carbon diovide and 
hvdroeen In B B 771b l'*l(i the .iddition ot an .dkaliiic livdiovah' 
or salt, and espt-ciallv a >ih<ate. n sUL'jLn'sted to enabh' the reaction 
between coke and .steam to be ellei ted within the lenijicrature inteiwal 
-7bn In B B 772<t B.tln tlie use of alkali-' and alkali salts is 

sii<ieeste(l The use of both .ifk:di .ind lime it is staled.' still fiirtlier 

deciea>es the temperaluie at which sie.im and coke will react with 
rapiditv Xevilh' ami Tavhn Imve m.nle <i theoietical studv ot these' 
|)a1en1s and find that the alkali ( ai b<ui.ite's alone opeiale a' reall\' 
etlicK'iit (.italvsfs riiev showed that the eatalvsn in\(»U<‘d an accel 
elation eil tin’ reattion be*w»’en ciiibon 'lit'Vide ami c.irbon i.iiliet than 
t he eflt'i t ()| t he ( atalvsl on the W.ltel ea , leae t loll, 

('0 • il .O ( II , 

It was show II that tlu' abs.npine eap.nitx lor e.iiboii dio\ide ed a 
( harc(ail cont. inline Midi (at.'iB't'' w.i' iii.tikedlv L'leater th.in that of 
t he s.iine ( h.iK oal in t he ab'^eiK < of su. h aeents 

The steam-iron process of hydroKen manufacture out lined m 
the int rodiiclorv p.n.ieraplm <»! tlim i h.ipter. lie- prodm-tmn of Indioeen 
b\ the aetlon of ste.ini ol, heated non i- abe.ldv lalL'eK e.iriled out- III 
the industry The mam naetion whuli o(<ui'' imiv be tepno-nled by 
the eejU.itlon 

:;K.' ‘ Ill.dt I'e.o, . lib, 

B>v redm t ion. usual I \ w it li w.ii< t ita', of l In- o\i<|e of inm t hus nblanied 
the iron ma\ be reeriicraled and the < \<'le of eperatioim iep(‘aled 

'Flic original patent s for 1 1ll pro( e^s are \ er\ old t him. foi e\aniple, 
in 1) I* db.'i iHbl ,lo''ej)li , 1.0 ob (hums file coinnien i.d prodiietion of 
hydroneii by tlie action of ste.im on non tiliiies or borinjis or on non 
crushed, eroiiml, or pul\'eri.sed The heal of tin* teiotl'. was to )»e 
maintained bv combustion of a portion of ihe Imdioficn prodmi'd, 
th(' iron after o.xidation was to be disctiar^n-ff from tlie ret(ut 

Tlie alternatf' redm-tion and steaniinji process w;h patented bv 
Lewes.’’ Hills and Lane ^ and Hills and .Monteux '* utilise this principle 

- ./ ' h.m . I'tJl, 43. 'JerV, 

‘ I’. (' v>r,i) i!«).i ' 1 1' {Huii'u 


'■ H !■ 8731 mm 

^ n 1’ J 07 .U 18'tti .in<t n.t* ttat ihih 
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in specially dceifpied apparatus for commercial production The earlier 
tyjx-H of plant have Ijeen cousiderahly morlified m detail as a result 
of accumulated experieiue, hut the pniuiple of opeiation remains sub- 
■ htaiituilly the same Further economies of (pieration are claimed in 
flic numerous patented details of Messersilunidt ’• 

Aecordine to the [latent sjiedhcatioii of L(‘\ie,s, iron bonnes may be 
('mjiloyed lor the reaition Siiue the two phases of the jiroeess arc, 
how'cvi'r, mainly surface actions, or at most [lenetrafe but little into 
th<‘ inteiior of the mafeiial, reienf jiraetice has le.solved itsell into the 
substitution, lot metallic non, of mm in a porous oi sponev londitioii 
which will olfei a m.iximum of surface for a minimum ot \olum<’ The 
iron 18 thmefoie ffeiierally obtained b) lediution of a miner, li ovule or 
from caibonate ores sm h as .spathu iron on* bi rediutioii of tlu* nuuss 
obtained after if'nition and loss of carbon dioxide In this way 
material [lossessinji both porosit\ and lesistaiue to dismteeiation is 
readily olitained Ko.islod pyntis fioiii wliuh all sulphur and ilu* 
volatile metals have been rciiuned has <dso bei'ii pioposed ,is the 
reaction mateiial “ All siu h mateii.ils show a pmaicr oi less tendency 
to lo.si* their activity with repc.ited oxidation and reduction, and 
rescan h into the uiu.ses tlu'ieol (on(liict(‘d on the larpu* ti'i hiiieal scale 
has shown it to be in p.iit due to fiiKinp ol the siiil,iie P.irt of the 
loss 111 actuitv is due to (h'position of bireipii bodies sm li as (,uhon, 
sulphui, etc, in tin nuuss, Iml thest* nui\ Ik* nii'o\cd Ii\ periodical 
heatiriK 111 a ciirient (d an The frittiiiy howe\(r m penuaiient, ,uid 
loiuseipienllv man} .sueet stums ha\e been put loi’\,ud to ((mntinact 
this dilliciilly They (onsist ehielK in fin* admixture with tlie non of 
bodies winch may either render the iioii h'ss fudlih ,ind h luible to 
.soften with tlu* temperatures i>mplo\ed, oi wlneli m.iv < .it.iUtu allv 
assist flu* iiiteraelion ol steam with iron .so that yood Mchls ot p.iv; 
m.iy be obtained at low'i'r temperatures than would norm.dU piei.n! 
Thus, Messeisehmidl projio.ses '• the Use ol natural ores of nuine.uiese 
and of mniipMiiesi ,iiid iron to attain lowei rear turn t« mperat ures 
Dieltenb.ieli and Moldenhaiier ■* tlaiin the use of alloys of non with 
manganese, ehromium, tungsten, titanium, aluniiiimm or other similar 
elements, as well as mi vt arcs of the ovules bni[iiein'd or in other 
stilt a hie fuini 'i'lie lladiselie Amlin- iiiul Soda K.ibnk ’’ [impose iron 
oxiih* bused with refraelorv ovules siieli as .^ireoma and magru'sui or 
with .silicates .lauhert® suggests the use of biiquettt's of iron oxide 
admixi'd with hre-elax, pumice, magnesia, and sniall amounts of the 
oxides of manganese, ehromnmi, copper, and lead 

The gas obtained bv the steam-iion process eontaiiis, after removal 
of small ([iiantities of carbon dioxule and hydrogen sulphide by niearus 
of lime [lunhers, upwards of ftH per cent of li}drogen With careful 

'■ Sim I S’r)i (hem /hi/.IOH 33 .111, ulHnXnilor lndn<tniii Hiidrv]fn, le- ,ii 
^ nr 7 HH) nta'i ^ i i* souso umt’ ‘ iiit i* jj,i.it 7 mic 
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control a content of hydrogen as hiojh as 99*75 can be continuously 
maintained witlioiit considerable increase in cost of product iiui. Iligber 
purity still, averaging 99*8r)-99-9r) ]>er cent of hydrogen, can be main- 
tained by extraortlinary precautions as to scavenging and by use of an 
elevated tiunperature conplctl with fre<pient aeration of the contact 
mass. Naturally this increases c<nisid(Tably the cost of the gas owing 
to lo.ss of yield, decri'a.sed activity of tin* iron due to fritting, and wear 
and t(‘ar of ret()rts at the high tmuperatures. 

Th(‘ main impurity of tin* gas is carbon monoxide resulting from 
interaction of the steam an<l carbon deposit«‘d in the iron during the 
reducing phase. This carbon result, s from the catalytic decomposition 
of the carbon monoxide^ in tin* presence of iron, according to the 
efj nation 

* (’Oo. 

In the steaming phase this carbon reacts with the sltNim to foim 
carbon monoxide and dioxide, the <-oncentration of steam piesent 
detei mining to a consirh'rable d(‘gn‘e the ri'lativc (plant it les of (‘ach in 
the issuing gas. As .stat(‘d. the carhoii dioxide is remoMMi bv im'iuis 
of lime piintiers or caiistie-soda li(jiior, the carbon monoxide pa.ssiiig 
on with the hydrogen. Sinet* the carhon in iIh* inui nias.s l,.^ only 
ineomph'ti'Iv dc'compo.sed bv tlie .sti'am it gradually aeciimulaleH in 
th(‘ mat('rial and must tluTefon* Ix' oecasionally removed by meun.H of 
a hot air eurnmt. 

The Bergius hydrogen process. The patents of Bergius - relative to 
the manufacture of hydrogen by the action of licpiid wati'r, at I'levated 
temperatures and therefore at high pn'.ssiires, upon carlxm or iron 
disclose certain intencstuig details u.s to the use of catalytic arcch'ratnr.s. 

Bergius found that, at a temperature of .TM) and at a pressure 
suflicient to keep the water Inpiid, carbon n'acted almost exclusively 
with water to form a mixtur<“of (arbon dioxub* and liydrogen, according 
to tin* eipiation 

The addition to the water of small (piantities of thallium salts was 
found to ])romote the reaction catalyticallv. 

HImploying iron, the eorn‘spon(iitig riMction with ]i(pnd water also 
took j)hiee at the low temper.it un* of M' Only in the initial .stages 
of the reaction was heat rt'ipiireil. the r\xot h(*rmicity of tlu* reaction 
being sufficient to maintain the gas evolution Brc.ssiires of I<K) 
atmospheres or more were generated in the sy.stf'in and were reiluccd 
to the desired extmit by oeca.sionully blowing olf the gas through a 
valve into cyliiider.s in whieh the hydrogen could be stored already 
compre8.sed. Catalytic acceh'ratioii of the reaction was secufed by 

* K(>rc(]uililiri,>. m^c Bomlcimnl. ('oinftt rem/ , IIHIM, 130. 1,‘ti , Hlx -el (oni W in ' 1' i. •! m. 
Snr . lol'i. 101. s;n 
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cir 

<liss(tl\ inj^ Ml tlif water iieiitriil salts, as, fnr i vaitijile sorhiini rlilonde 
or a( ids, <ir 1)\ use of metalli< (niiple*, siu h as inm-i nr liv the 

pieM IK e of a see oiid riK t.d sik li as iiu ki I oi |ilatimiiii 

The itereiiis iron-water ]jr(Kes> ^Iniuld lie (heap .iiid useful for 
small-scale Indromn prodm tioii iiiKh r pres^l||e when an expensive 
eipiipment IS not possihh Po‘eeiK r itmii of the limK di\ ideal iron 
imlal tiiiplo\id (an he elite f((l h\ means of watt r pa^ piodmer gas, 
OI 1 arhoii at high |em|jeial iiies 

Hydrogen production by catalytic decomposition ot hydrocarbons. - 

In geneiiil the s.ituiati d li\dro( aihmis when siihpa It d to a siiHicitMitly 
high It mpi i.itiirt iletoiiipose iillo then eh liieilts the larhoii htUIlg 
(leposiltd 111 an t \t lemt l\ lint* state tif di \ imou Indiogen heiiig simiil- 
laneoiisK prodiit t'd ' The ti‘in[i( i.it me nipmed foi di t oiiiposition 
xaiitswilh lilt* ^lahlllt\ ot tin toiii[)ound Thus. iiiethaiK dissoi iat(*s 
lapidlv onl\ at IjiK) Itt I its piesinte in a watii gas mixture 
heing ( \ ideiit e ih.d .it iht sli!.lili\ low* I liinpiiatiiit ol watel ga.S 
imiiiiifai I me t Ik xtlotilx ol th i oinpo->ition is c ompai.ilut l\ low On 
the oIIki hand aielxhiu ditomposi-. at mm h lowei i( mpeiat mes 
l'|i|i‘l- ellttlliig (It ( (illiposil ion h\ pas-..ig( thioili'h Kihes heated 
inilialK to 'i(H) Sintt In <il is txoUttl upon the th t oinposition of 
melxlene, tin* leaitloii (onlinues aiitonialii alK wlnn oiki* st.irted 
This pint ( ss Is gem lallx applit ahle to eiidot hermit hxilfot aihmis 

Niimeioils [latelileil pioti'sses exist lor the piod'it i*oii ol hxtiiogen 
h\ this met hod tin vaiialmiis h(‘iiig, in the mam mthhlit at mris tor 
the lieitt r opei.ition m l(‘(hni(.d [iiatlite Thii' i le* ( aihoniiiiii Co , 
of l''iieilii( hshaxeii liaxe dei (imposed atelxleie umh i pns^me h\ 
explositin with an eletirit spaik 'Me hxdrtigeii ohiam. ■! is ol higii 
piiiih and has hi'eii tinploxid loi the filling ol /eppi hiis The tost 
is htiwexei soiiit'whal c otisideiaiih unless the l.imp hlat k c.in In* 
m.iikelt'd The pit s,iiri‘s t'lnploxed max he as miK h as ti .itmospheies * 
The (Its oinposition ol the light petioleiim lixdiot aihoim is the 
siih|eil ol [laleiils h\ Lessing' and li\ I’ntet ’ in whitli It mpt r.iuires 
tioin Itlini io'iO .in* suggested It is oh\ mu- that tei hint al opeiatioii 
al SIU h high hi'als is a mallei ol i misnleialile dillitiilix aii'l it is not 
sill piising I hat exti'iiih'd ap[>li( atioii has not \ 1 1 Ik en let oith d Pec ent 
w'ork (III the ( r.u king ol heaxier hxdrot aihon xapoiiis will douhth'ss 
( onliihiite great!} to lilt* dexelopiiieiil of Teelmicjue in this diieotmn 
To hung ahoiit the decomposition ot li\ drot iirhoiis at lower tem- 
per.itmc's inteiactmn with steam has hec'ii emploxtd hotli with .uid 
willmul cat.iUtK (ontaet matmial Pictet'' prodm es thus c'arhou 
inonoxule and hxdiogeii from lixdrocarhoii xapours and steam at 
high Ic'mpc'Mtmes The Padischc \nilin- iiiut Soda-Falmk' suggest a 

' Xln.r imU AllniiOi lie I'lllT 40 -’1 U 
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refractory oxide '^ucli a'^ inagnesja impregnated witli nickel oxide as 
catiilv>t for tlii^ proce<>, at a temperature of Diellenbacli and 

Moldenltaiier ^ use as catal\^t \Mre nauze of nickel, cohalt, platinum, 
ett , for tlu' siiiK' rcactmn. ensunni: l)x I lie employment ot the catalyst 
in <ii(di form a \ery short time ol cuntaet ami therel>y a sudden I'ooling 
of the read i<m prndmts In this w.iy, it is claimed, t he caritoii dioxide 
formed has little o]>j»ortuml\ to he lediUM'd t(* carhon monoxidt' An 
important slinh oj tin' mam rea< tions in\ ol\ ini; the met ham' eipii- 
lihriiim. for (‘xample. 

( II, . -Jlld) ('(E ^ 111.. 

( II,, ILO ('()", All, 

has rtsentU been (ompletcd- This should pno’e us('fii! in the 
theoietie.il stmU ot this impoilaiil Itadiiiual piol)h'm 

Coke mndi'ied \vhil(‘ hot h\ an an hhist has hedi propost'd hy the 
lleilin \ nfialt !'■( he Maseliiiienhaii \ (! '* and hv I'dlis as ,ontact 
maleiial toi I'n po^tlm i ion ot ii\<liooen fnnn parallin Indrocarhons 
It dioiiM hf po-.'.dtle with ihe aid ol (ataKln conlad maleiial to 
hiiid about the iiit.'i.Htioii ol h\ diocai h<ms with carbon dioxide to 
\ ifid , ,11 boll mono \ id'’ and h \ dioj^m win m e jinre h \ d rotten eoiild be 
o])laiti''l l'\ piote-s.-v .h o'iibed abo\e With nn.s.'it iirated h\dro 
caiboiis tills Is appatentU not dillicdt \ .solution of the pndih'iii 
w it It the |< iw '“t pa M thus should \ ndd t o a s\ sj etna t ic .sea reh toi suit able 
eat.ih tie 111. lien. il 


II \ I'lOM.lA \ I 10\ 

The sssiematic iiivestie.itioii ol th,’ probh'in of li\ dnitjenat ion was 
iindeitaken at t In' elos,- of t lie nindt '-iil h M-nt ill \ bvSabaliei ami Ins 
CO w orkei s, of w hoin Si’iiddeii' nia \ piim i |'.dl \ be men t mm d 1 sola t eil 
obser\ a t ions had e,i i her bi’en m.ide a ml re, oidod ( om '‘rni m„t i nl erad ion 
of substances with hvlromn m the jireseiice ol a cataKtn matenal. 
(icncrally, tinelv divided pl.itmiim was the atienl emplovd Its 
activity in piomotinjj oxidaiion as mam(este<i in the ea/lv work of 
Davy and Dobeieiner had h d to its trial in manv ollnu dire'lioii.s, 
.sometime.s with siic.’ess 'I hus. tle'iatalvtn ndmlioii to ammonia of 
oxides of mlrojieii bv means ot hvilro^en in (In jiresemt' ol platinum 
sjxm^e was lecorded bv Kuhlm.inii in l."^.^ '’ ( 'areiiw imler showed its 

catalytn elfed in piomoiui” the (ombination ol hvdrot;<'n and iodine. 
Ajiplied to oreaiiH' reactions, it was olmerve*! bv Debus' that platinum 
black a.ssisted the redmtmn ol livdioi vaim add to iimt h vlamiiie. and 
that ethvl nitrite could be transformed bv mean.s ol hydrogen into 
ethyl alcohol and ammoiiui 'I'lie latahtie .iddition of hydroeen to 

' li R I’ JJ'Mau me!» 
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11 nsatu raid'd liydrocarlions and their transformation to saturated liydro- 
eiirlion.s w.is demonstrated hy Dt* Wilde m 1871,* platinum black b^ng 
emphned as agent 

Hy the researches of Sabatier and Iws assistants the catalytic method 
of hydrogenation lias been generalised Krom I8h7 onwards, in a 
HiHCi'ssion of rescaiehes juiblished in the (Jomplcs ri’iuhii^ of the Pans 
Academy of Sckukcs, by systematic apjilieatioii of tlic' ])iinciph‘ to the' 
most diver.se orgaiiu matc'nals and employing \anous nudals as catalytic 
agents, the wide apjtlicabilitv of livdiogcuiation has bei'ii made clear 
Tlie real tions have been studied gcMic'rally m the vapour [iliase, volatile' 
organic licpiids bung for the most part the' materials emiiloyc'd in the 
investigation Kiiu ly dividc'd mc'tals have fouued the c.italvtic agcmt.s, 
and, of thc'.se, mckc 1, obtained fre.shl) from the ovule b\ rc'cluction has 
provc'cl to be the most c'dic leiit The other ('Icim'iits which havc> found 
ap[»lic'ation are cobalt, iron, copper, phitinum, and tlu' platinum metals 
generallv 

Till' sim)ilic)ty ot the' studies earric'd out b\ Sab.iticr and liis 
collaboratois is sf iikiiig '1 he pioc cdiiic' c oiisisicd I'ssi nti.ilK m p.issing 
hydiogeii, admived with va|iours ot tlie matf'ind to be in\ estigatc'cl, 
thioiigh a tube I'ontaiiimg the finely cluulecl catalvlic agoiit mamt. lined 
at a contiollable ti'inpi'ratiiie, the [iiodiie ts o| leaetioii being Miitalil} 
colh'cticl on I'lnergi'iice tioni the heati'd tiilie 

It was found to be essential that the hvdiogen em|iiov('d should lic' 
(om|»h'ti‘l\ fii'c fiom all impurities 'rr.iccs ol siilphuic'tteil hvdiogen 
of phosplimc', arsiiu', and h>drogen chloiidc' were' found tci act as 
eiitaivst poisons llvdrogc'n, obttiiiie'd bv eh'c lioKsis and .siilise'ipie'iit ly 
Irec'd from tiaces of owgc'ii and nioistiin', was tliiTcfore largeh e'lii- 
[ilovc'il, siiii'c b\ this proc'c'ss tlie' either impiiritii's could ic'adilv be 
av oidcd 

The preparation ot hydrogenation catalysts. Apart from the punty 
of till' inalciials emplovc'd in livelrogeiiatioii procc'sses, the mosi im- 
portant fac tor in the' coiidin t of siicli rc'acfions is the |uc[Mrarion of the 
catalytic agent in a foim suitable for use' ami ol siilhcicnt activity for 
file purposes lecjiiire'd Ci'itain dc'tails relative' to the [ireparatioii and 
propeitic's of sue h aai'tifs are therefore apposite 

Nickel. Catalvtic nickel is tlu' mo.st iiii[)ortant mc'iubcr of the 
giou[i of hvdrogcmition c'atalvsta It is normally preparc'd by rediu - 
lion of nickel ovule by hvdiogen, an ojicration which eaii frec[uentlv 
be cairied out in tiu' reaction .system Tlie ovule employed siiould be 
free, as far as po.s.Mbh', from the halogens and suljihur-containing com- 
pounds, since all tlu'se are catalyst poisons Hcnee, where expense is 
not involvi'd, the nitrate or an organic salt cd nickc'l forms a suitable 
startmg-poiiit foi the preparation of the oxide The sulphate and 
chloride arc' the' cheapest salts of nickel When these are used the 
oxide 1.S pri'parc'd by ignition of the hydrous oxide obtained by pre- 

' lift , 1S74, 7, .n.' 
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.cipitation from solutions of tho salts, followed by a thorough washing, 
In sdfcie cases tho carbonate is |)reci})itated. The washing' of such 
pn'cipitates should bo continued until te.sts indicate fre('iloin from tlie 
anion of the nickel salt and the cation of the iirtMupitatinG^ a|:ent. In 
the ])rejmratioM of nickel supported on a linely <livided su])port material 
the jirecij'itation may be carried out in pn-simce of the support, 0 7. 
kieselguhr, and the su)>port~]>reeipitat(‘ mixture ^^ashe^| together. In 
this way ^zood distribution of tin* support may be obtained, 

For nick('l (atalyst on coarser su])port mati'rial, such as pumice, 
diatomitc brick, and the like, the most convenient jirocedure is to 
imprcfznate tin' support with a hot, stnuifz solution of tho nitrate 
preliminary o.xpenment will indicate how much h(|uid a ^iv('n samph' 
of support material can take up t(t saturation, and this ratio of support 
to Inpiid should lx* used. A i-oncentratimi of It) per emit nickel in the 
final [uodiiet makes a ^ood Mipj)oiled catalyst, and this li^mre deter- 
mines, tlu'i'efore, the eoneentration of nitrate Inpior employisl To 
ensure thoroujzh impregnation of the support it is a useful praetiee 
to heat the siijiport above !()(»'(' and immerse it while still hot in tlie 
nickel nitrate solution. 

The (‘alei!iati(Ui of the mtiate. oreaiiie salt, or impr(*enati‘(l siipjiorl 
to \ield o\iile ma\ be eoiidueted m a easseroh' o\ er a llame wldeli will 
not permit too intmi.sj- eahaiiatnui The actual temperature of eon 
ver.Mon to oxide is not a matter (»f ereat moment, the sul)se<njent 
reduet Util temperature heme the deei.'^ive factor. Some data on the 
(dleet of eah illation tempeiatuie on tin* jtrotluel have been n'eordt'd 
by liroun and Ifeiike ’ They siieoest limitine the tempt'raturi' of 
jeiiitum to joO . as smteniie appieeiahle above thi.s ti'inpcratiire 

TIu' prcNcnet' of small amounts of pnunolers in dm kel ealalysts 
iiivanabiy fai’ilitates the prt'paraimn <tf an active material, and use of 
these mattTials can !)<• jz«mcrallv n'commended both for supported luid 
unsujiportcd catalysts. Ceiia, tlioiia. and .ilumina an‘ strikinjziv |j;nod. 
Medsforth “ has nvordctl test^ of manv malcri.ds as promoters They 
help to jtrodin c a more porou-' oxide and a more active meial Actual 
concentrations of promoter eaniioi he hiid dow 11 |»enerailv. hut, (jiiaiit ities 
varying hetween t)-.") und Id per cent of the nn-ke] rnetal are ellieient. 
They may hi- introduced as mtrale.s into the nickel ,s«)liition 

Tlie temperature of rcfluetioii of the oxuh* is tin* decisive far'.tor m 
the {irepa ration of a nickel eutaly.st Quite gnu'r.dly it may he st.nted 
that the higher the reduction Innjreratnre, the less ar'tivi' will tin* 
resulting catalyst he Supported eat.ilysts are le.s.s sensitive to tem- 
perature than the nn.support<‘(l material. For the latt<‘r a nsluotion 
temperature of .‘ 3 d(F (d .should never be e.x'(‘eed<*(l, and the lower the 
temperature of reduction the more active the )>roduet, altliough the 
Ibnger is the tim<* consumed in the rediietiori proce.ss. temperatun; 

» ./. PhiMl'hfm., I!t22. 26, Uil, 272. ;t2l. 6X1, 7J.-> ; 27, .'12. 
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of (! probably rcpr('H('nts a happy mean between the eonlhetiiif; 
faetorfi for the production of a (atalystof hij^di aitivilv Supjlbrted 
materials do not reduei' so readily as unsupporti'il (.italysls, and a 
temperature of 3r)(C C can be used with eipianimitv Where ext imne 
artivity IS not required, reduction of siip])orted materials may be carried 
out as hif^h as 45(r-50(j'’ (' J'rornoted catalysts, both support eel and 
unsujtported, are very much le.ss sensitive to o\ei heating in the 
reduction procc'ss than are latalysts composed of nu ki'l alone Wlnm 
reducing at tin* higher temperature limits, it is good giuieml policy m 
catalyst preparation to use a relatnely slow stie.im of rediuing g.us 
Nickel catalysts ma> bi* prepaieil by dins t ledin tioii of the ( VMiiide ' 
and th(‘ diloride” with hydrogen This latter method is nmiaikable 
111 view of Sabatu'r’s obseivatum that the halogens a( t as poisons It 
merits fiiither test of this factor Kelber slioweil that the same 
lactors as ri'gaids ic'diictioii tempc'r.iture and activitv operated m the’ 
rediulioii of the' cyanide as have alicsidv lieeii laid down for omcIo 
ic‘du( lion 

It should bc' borne in mind that a catalvsf (amiol m geiieia! lie 
raised aliove the tempi'i.iture of reductioii without loss ol aelivity 
This IS eS|)e(ially true of uiisii|)porle(l cat.dvsts It must he lemein- 
bercsl, m the conduct of maikcsih e\olherime leactioiis that the heat 
of reaction laisc's I he tiuiipcuatnic' ol I he c ataivsl m spots ( onsi(lei<ihlv 
above the lc'm|H'rat lire nsoided mi the niea'-ufii"j msiiumeiit used 
and such loc aliscsl liol -spots dmimisii < alalv tu ac tiv itv I'he proloiigc'd 
c-llec t ol even inodeiale lemperaluies is <i|so to ttaiisfoini the cat.dvst 
to a more c'oinpael tiia.ss with a icsiiltmg dec nvise in ('tin u iic v 

Copper. V I'oppei I ataivsl is icadilv picpaicsl m an .letive ( oncliticm 
bv reduction ot the o\icle at low Ic’iupcu.itiiies What h.is iieeti said 
111 llic“ pnac'ding paiagiaplis rcl.itive to pns aiitioii" as to poisons, 
methods ot o\id<‘ pie|)ai.ition and support matcui.ils is ,i(iplicah!e also 
111 ihe case of c opjeer It must be paitic iilailv cunphasised ho\vc‘\er, 
that the [iroductioii of an active material is esptciallv ch-penclent on 
thc‘ lem[)crafuie ol leduction ol Ihe oxide I5v loweiing the tempera- 
ture ol ic'duelion of a given sample' of c o|)pc r oxide fiom 2(Hl (' to riO ' ('. 
a live-fold MIC ic'ase 111 the' adsorptive' capac It V ol the resultant copjiei for 
lixdrogen was ac hiev eel <uid a c'oi rc-spondiiur me reasi' in c.itah tic ac tiv it) 
was sc'eiirc'd •’ -an activitv far stiperioi tcMliose rc-eorch'd bv Sahatier 
foi eo|ipi'r c'litalvsts A tempc-ruturc' of l.'iO (' reprc-seiits an mipruc- 
tlc'iibly low tempc'r.iture ot rc'diietion of ignited coppe-r oxide, the- time 
rc'cpiiri'd for ii'diictioii being several cliivs, but a rc'cluclion temperature 
of 2(K)" (' can bi' emplovc'd with quite' good results Thus Pease * 
found that such a catalyst could la* iisc'd to measure the rate of hydro- * 

' K>ll).r II, r, I'lJI, 57 1 Hi 1 1-* 

^ kalilnils'iK anil Hitler, I ('hua I'ltl 25 S'l 

^ 1iuli)r, CV/dift viaiicsiin Wist >ri'ili I't.’l 

* ./ Am(r I hni, .See. iy23, 4S. llflci 
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gonation of (‘thyleno at O'* C. Tho sensitivity of the product to t)i«* 
reduction of temperature is ])robal>ly to iu' ascrilted to the exothermieity 
of the reaction. Slow rates of hydrogen gas [)assage are therefore to 
be recommended. It is a good plan to initiat«‘ redm’tion of copper 
oxide at a temjuTature oO degrees al)ove the elio.sen reduction tem|)era- 
ture, and, after tlie pn>('<'ss has started. t(> lower the lemj)eralure to 
that (lioseii. { 'oi^.sid<‘ral)le economv of time is thiTehv seeiin'd. as 
reduition occurs more rapnlly at cojijier i’opper oxide int('rfaces.' 

Catalvsts so jirepared are u.'jeful only for reactions occurring below 
the reduction f (unpt'rature. Brown ainl Ibmke “ found that a copjier 
catalyst pn'pared by igniti(»n of the nitrate at llo (' and reduction at 
di r (' \ias (dli< lent in th(‘ reduction of nitroben/ene about 
but (b'tenorated rajiully They found, however, that a catalyst pre- 
})ar(‘d from tlu' nitrat<‘ by ])rccipitatioii of tlu' oxide with sodium 
hvdrovnle wa^ im^re ndm.st and less .sensitive to temperature a fatd, 
reconh'd earing by SabatuT. .Vpparentlv the ))roduct is a jiromoted 
catalyst owing it.^ ruggednes.s to tra<‘e.s of adsorbetl alkali remaining in 
the niafeiial. Sonie inve-^tigations of promoted cojiper ('atalysts should 
be made. Bah-al and Hurst have shown ‘Hliat coppcr-tl-U jier emit 
palladium latalvsts are superior to copp(‘r in tlm jirefenuitial com- 
bustnui ot carlain monoxide in hvdrogeii-oxvgen imxtiirt'S. Brown aii<l 
Henke stat(' that small amounts <tf iron in the copper o\id«e are bene 
ficiab Brown and Henke aBo studu'd sup|»orted C(»j)per catalysts. 
Using pumice and asbestos Kor short jieriods in the reduction of 
nit robenzene. pumice was the better, and both were bett<’rthan straight 
co[ipcr. For long runs tin* copper asbestos was superior. 

Iron and cobalt, ('omplete re<luctnui of the oxiiles of tlu'se metals 
can oiilv be rt'udily ac(‘om{>lished ,it mmdi higher temperatures than are 
cmjdoyed m the case of nickid and copper oxides. Conseipieiitly the 
catalvsts show' much greater ten(h'ncy to siiit<*r. It is therefore to be 
recomnnuided that the,s<‘ catalysts be us<'d on a supjiort material or 
admixed with a promoter, .\lkalis, ceria. thona. and alumina have 
been iis»‘d for promoted iron catalysts with good sucee.Hs. 

Calcination of cobalt nitrate can be conducted at UK) -4b(C (!. 
Reduction of the oxide* at 4(KJ (’. tor lour hours gives an a<*tiv«' catalyst 
which still contains large* (piantities of oxiele. Ue*duclmn at OtK) -7<K)’ 
is iieressary for e*omplet(* realiie-tiein of the* oxide. A sujiportesl eobalt 
oxide can be re*eiuced with safety in the* tempe>rature re*gie)n ed 4r>0 '- 
C. The realuction of irem eixide* at 4f)0‘'-450'’ is .'<low, but an 
active* catalyst is obtaineel even wdie'ii considerable amounts of oxidei 
still remain in tlie contact ma.ss. 

Platinum.— Cnsujiporteal platinum e*atalysts may be* obtaineel in 
the form of platinum sponge, platinum black, pre'pareej by two different 
methods, and as colloidal platinum. Platinum sponge is pre'jiared by 


^ Pcftse and Ta)lor. J. Amn. Chetn. S'jc., 1921, 43, 2179. 

2 cit, * J- 123, 690, 




gentle ignition of ammonium cfaloroplatinate and is tlie least active of 
the three forms ^ 

A variety of methods of preparation of platinum black have been’ 
suggested. One method is essentially that of Loew ^ and of j\'Iond, 
Ramsay, and Shields, ^ which consists in the reduction of a dilute solution 
of chloroplatmic acid by a solution of sodium formate, followed, by a 
thorough washing of the precipitated platinum A modification of 
tins method employed by Willstatter and Waldschmidt Leitz^ has 
been tested thoroughly and found to give excellent re‘-ult8. 

Adams and Voorhees* claim that a much more active platinum 
black than that propaied by Loew’s method is obtained by fusing 
chloroplatmic acid with an excess of sodium nitrate When the. 
cooled melt is washed with water, a brown oxide is obtained which 
turns black during the actual hydrogenation Adams and Voorbees 
think tliat this is a black platinum oxide wliieh loses much of its activity 
if complete reduction to platinum occurs, since the catalyst which has 
lost its activity may he revivified by shaking a short time witK ait. 
Adams and Carrothers'’ have found tliat iii the hydrogenation of 
aldehydes the activity of catalysts .so [irejwri'd is greatly increased by' 
the presence of ferrous salts m the ri'aetion .svstem An optimum ^ 
concentration of 0>0001 mol of ferrous .salt per ](K) cc of aldehyde 
reaction mixture was ohtaim>d 

Colloidal sol catalysts.- Colloidal sols of the metals platinum and 
palladium, dispeisod m various .solvents siu-h as water, alcohols, 
acetic acid, or hydrocarbons, are now gemT.ill) employed for the 
saturation of unsaturateil organic siihstantcs in the organic chemical 
laboratories The simple .sols prejiared by ob'ctru dispersion methods 
or from the double elilondes by reduction to metal, with hydrazine, 
hydroxylamine, or fornialdeliyde, are too sensitive to (oagulation and 
jirecipitation by electrolytes to render them of any great utility, and, 
m consequence, protected sols are gimerally employed Paal ® first, 
employed as protective agents two degradation products of egg-ulburam,' 
protalbmic and lysalbinic acid’ Albumin is gently hydiolysed with 
caustic soda and the protalhimc acid precipitated by the addilion of 
sulphuric acid to the point of neutrality The filtrate is evaporated 
to a small bulk, acidified, and the lysalbimc acid precipitated is’ 
purified by dialysis In order to prepare an active pdatmum or pal^ 
lad mm catalyst a dilute solution of a salt of those metals is added to 
a solution of the sodium salt of the protalhmic or lysalbimc acid, the.' 
metal salt being preeijiitated from solution The platinum protalbice*’ 
ate is dissolved m the smallest pmssihle amount of caustic soda, th& 
solution diluted with water and purihed, as far as possible, from excepfij 

' » Btr , 1900, 23, 289 * Pktl Tninn , 189S, 188*, (lo7 > Bpt 1921, 64. ifa 

* J Atmr. Chtm XV . 1922, 44. 1397 

“ J Amtr Vhem Soc„ 102.3, 46 , 1071. ike also iW , 1924, 48. 1075 ; 1925, 47 , KM’ Vi 

* Bn . 1904, 87, 124 , 1906, 38. 1398 , 1908, 41 , 2273 ; 1909, 42 , 2239 

’ iUd , 1902, 36 , 2196 
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.^Ikali by dialysis. On warming the solution with a few drops of 
:?hydra 2 ine or formaldehyde a stable sol is readily obtained. 

Skita ^ suggested the protective colloid, gum arahic, as a sub- 
;Stitute for the protalbinic and lysalbinic acids of Paal. Since the gold 
numbers or protective powers of these protective colloids arc prac- 
tically identical,* platinum and palladium protected by gum arabio 
are generally employed, being more readily prepared than Paars 
products. Other protective colloids which may be employed are 
^gelatine and occasionally dextrine or starch. The two factors to he 
considered in the preparation of such protected catalytic sols are 
Stability and efficiency. The stability will be dejiemlent on the degree 
of protection afforded by the colloid, most readily determined by the 
gold numbers. For example, for the above-mentioned protective 
Colloids the gold numbers with gelatine as standard are 

Colloid. (iold NumlM'n*. 

(Helatino . . . IIK) 

Alljunun . . .20 

Dextrine . . . OIHI 

Starch . . . (MO 

The efficiency of the catal}\st will evidently depend upon the dispersion 
and the e.xtent of active surface. The addition of a protectivti colloid 
to a disperse platinum sol results in the diminution of the active surface 
aud an increase in the stability. The inhibitive influence of protective 
colloids on catalytic proces.ses was first ilemonstrated by Groh * and 
examined in more detail by llideal ^ and In'dale.'’ Iredale confirmed 
the data of Groh that protective colloids cut d«)wn the (catalytic activity 
of the sol, the inhibitive mimluTs of the various colloitls being api>roxi- 
mately the same as the gold nuiubers, whilst Kideal showed that there 
existed an optimum concentration when gum arahic was employed as 
protective colloid, tlie colloid being added before reduction of the 
inctal salt, being 2 miiligrms. of gum for every 10 milligrms. of 
platinum or 5 milligrms. of palladium. Rocosolano ® obtained data 
on protecting a platinum sol prepared by Hredig's method with 
.various protection agents, which confirm Iredah‘’s observations. 

If but a small amount of protection agent, be employed, not all of 
'^he aniicrons of the metal sol will be protected, ami, on Die addition of 
4n electrolyte, these unprotected particles will coagulate with a resulting 
decrease in catalytic activity. Increase in the protective colloid con- 
I’bontration will effect a peptisatiou or redispersion of these. Evidently 
|bc optimum concentration of colloid is such that the sol is prepared 
as disperse form as possible, but protected to the smallest extent 
:)Mmpatible with stability in presence of the reactants. It may be noted 

^ « 

^ ‘ Bfr., 1911. 44. 2862 ; 1912, 45, 1627. 

Uortner, J. A»ier. Chf.m. Hoc., 1920, 48. 695. 

, • Zeitneh. phy$ihal. CAw., 1914, 88, 419. ‘ ./. Aintr, Ch^m. Hoe.., 1920, 48, 749. 

! • J. Chem. Hoc., 1921, 49. 109. ‘ Compf. rend., 1921, 178, 41, 234. 



'246 CATALYSIS IN THEOSY AND PRACpCE' c# 

that a concentration of one part of gelatine in a million of water may 
just be detected by this method of catalytic inhibition If Bredigs 
electric arc platinum be employed, the sol is relatively coarser than 
that prepared by the reduction of a soluble platinum salt m solution, 
and consequently the dispersive or jieptising influence of the protective 
colloid 18 not so marJeed 

A protected colloidal sol formed by the dispersion of an intiraate 
mixture of the metals from a solution of the mixed salts is more effective 
both in respect to stability and efficiency than an equivalent sol of 
3 ither of the pure metals This is indicated by the following ajiproxi- 
nato times for half completion of the hydrogenation of equal weights 
if sodium phenyl propiolate m solution ^ 

I'oiiipositiivn 1)1 ('atol)Mt j Tkik' 1)1 Hull ! 

- 4<)m|.l((u.ri I 

Mlllinniis IM 1 MlillfrriiH Pt i Miniif)'- i 

iO 
I 

0 2 
0 I 
(Mil 
U 

Hydrogenation in the jucsenee of metallu catal’V'its may eon- 
/enicntly be classifu'd, neeordiiig to )Sal)atier,“ m three' groups 

(1) Ui'ductions with simultaneous fixation of hydiogeii 

( 2 ) Fixation of hydrogen by unsaturated (ornpounds 

( 3 ) Hydroge'iiatiou with acconipanviug rupture of the molecule 

A resume of the typical I'xamjiles of these three groups, as cited by 
Sabatier, is given in the following, together with a fuller description 
)f those reactions having a more technical sigmhcaiice 

Reoi'ctions with Simultaneous Fixapiox of Hy iuuh.ln 

Oxides of nitrogen. Nitric oxide is readily reduced in presenec of 
iickel at 180 ° with formation of ammonia and water, the equation 

2 NO + 5 Hs — > 2 NH, + 2 H ,0 

riie ammonia formed lias a tendency to comhine with unchanged nitric 
ixidc to form nitrogen and water • ^ 

4NH3 + 6NO— >r)N2 + 6H30 

This reaction is of importance in the process, elsewhere discussed ' 

* Kideal, Traiu Furud Soc , 1823, 19, I 
’ La CalalifiiK rn chtmtt oryanufut, 1*113 
* Sabatier sud Sendcrena, Vompl. remi , 1902. 135 278, 



(p. 160), of ammonia oxidation, as its occurronoc in tliat process may 
diminish considerably the clficiency of such catalytic oxidation. 

Nitrogen ])eroxide is reduee«l by hydrogen in presence of nickel at 
18(1". The ammonia formed interacts with unreduced oxides, and 
ammonium nitrite and nitrate are j)roduced. Further hydrogenation 
yi(‘lds ammonia and water : 

‘JNOofTIb, 

With high concentrations of nitrogen peroxide the reaction is very 
energ('tic, producing incandescence in the neighbourhood of fhe contact 
mass and frequently giving rise to explosions. 

Similarly with the vapours of nitric acifl. at ammonium nitrate 
is jiroduced. whilst at 350" nitrogen, ammonia, and watiT are the 
riNiction products. 

Organic nitro-compounds. The aliphatic nitro-compounds are 
readily hydrogenated witjji iiiekcl to tlie corresponding amine, 

UNO., 1.311, HNIl.^ f 2H,/), 

but at more ch'vatcd temperatures tin' hydrogenation may proceed still 
flirt lier. Thus, mtromethane yields methvlammo, but may partially 
yield methane and ammonia : * 

( H.NO, I 111., -^(’11, 1 Nil, rill/). 

Similarly, aromatic nitro-e<)mp<»unds yield the corresponding amines. 
Further liydrogt'iiation at higher t('mperatures yn'lds tin' aromatic 
liydroearlnms and ammonia, whilst more elcvati'd temperatures of 
reaction may carry tin* hvdrogi'iuition »d tin* aromatic livdroearlnm yet 
further, yielding nn'thane. Thus, in sueee.ssive .stagi's, nitrobenzene 
will yield aniline and water, tlien b(*n/ene, ammonia, and wati*r, and 
with complete hydrogenation methane, ammonia, and water By eon- 
trolling tin* tem[)erature tin' two latter reactions may he practically 
sujipres.sed, and good I'onversion of mtrohenzene to aniline obtained." 

Aniline.' The vapour-])lia.s(' reduction of nitrobenzene in presence 
of contact agents has been exhaustively studii'.d by Brown ami Hi'nke.’^ 
They find that with nickel, and with e(»halt containing small amounts 
of nickel, the ri'diietion proceeds beyond the anihm' .stagi*. la'iizene and 
ammonia, and even methane anti ammonia, being jirodueed. With 
carefully eontrolh'd eonditioii.s. however, 95 per et'ut yu'lds of aniline 
could be obtained. No azoxybenzene or azobenzene is jiroduced. With 
ccqiper and silver there is no reaction beyond the aniline stage, nor 
is azoxybenzene nor azobcnzene produced. (Jo])[)er shows a great 
tendency to sinter, however, with use; it .should be prepared with an 
added promoter if iti^ life is to be prolonged. Lead and bismuth seem 
to be the best catalysts if it is desired to stop the reduction at the 

1 Cumpl. revd , iae2, 13S, 226. ® N^-n.lwnH. F.P. .'P Jei.-l I9*U. 

» J. Physical Chtm., 1922, 20 , 161, 272. 324, 631, 715 i 1923, 27. .W. 



jzoxybenzene or azobenzene stages The yields of these partiallyi 
reduced products progressively decrease as the catalyst is used. This ' 
appears to be due to oxidation of the catalyst metal, and the activity 
may be restored in part by reduction in hydrogen Thallium gave a 
90 per cent yield of azobenzene at 260°, Wt the activity diminishes 
rapidly, probably owing to the metal melting Antimony, manganese, 
and chromium were found to have some catalytic activity, and the 
same was true of the lower oxides of molybdenum, vanadium, uranium, 
cerium, and tungsten, the first two being the most efficient in this 
group Alumina showed a little activity, but commercial tellurium 
and the oxides of calcium, barium, and silicon showed none 

More recently ' the same authors have shown that tin is an excellent 
catalyst for the reduction of nitrobenzene to aniline It is superior to 
cojiper at most rates of gas passage It is superior to nickel at all 
but the highest rates tried The catalyst is best prepared from the 
hydroxide by precipitation with sodium carbonate from a stannous 
chloride solution Oxidation of the hydroxide [trior to reduction in- 
creased the efficiency of the resulting catalyst, the lower the tempera- 
ture of oxidation the better the resulting catalyst The lower the 
temperature of reduction of the oxide the better was the resulting 
catalyst This catalyst is here mentioned m some detail because it is a 
new-comer m the ranks of reduction catalysts It would be interesting 
to know wlietlier it is a hydrogenation catalyst or wlu'ther its action 
depends on alternate oxidation and reduction of tlu' catalyst 

On the technical side there is some evidence that vapour -phase 
hydrogenation has received serious consideration The patents to 
Legge and Adam ^ indicate that a copjier catalyst is very efficient, 
conducts heat well, and can be regenerated Copper oxide is fused, 
cooled, and broken to size. Hydrogen or water gas in excess is mixed 
with the nitrobenzene Quantitative yields are obtained at 230° C The 
Badischo Amlin- und Soda-Fabnk suggest^ also a mixture of carbon 
monoxide, steam, and nitrobenzene with a copper catalyst They 
claim also the use of promoters such as the oxides of the alkali metals, 
phosphates, silicates, tungstates Brochet * has suggested the cataljtic ' 
reduction of nitrobenzene in liquid media in presence of nickel 

The huge quantities of amliiie which to-day are employed m th< 
organic chemical industry are [iroduced by the reduction of intro 
benzene. For industrial purposes practically exclusive use is made ol 
the method due to Bechamp,® which consists m reduction of the nitre 
body using iron and acids. Acetic acid, the original acid employed bj 
Bechamp, is replaced by the cheaper mineral acids. In the reaction, 
which is frequently formulated by the equation 

CglljNO, + 3Fe + 6HC1 - CjHjNHj + 2 H 2 O -t SFeCl^, 


1 J. Phyitcal Chm , 1923, 87. 736 
• F P 611266. * B P, 16936 wid 22623/1913. 


* B P 166249 and 166283 
» ^nn. Chun. [3j, 1864, 43, 186. 



it ia found that much smaller amounta of acid than correspond tl 
stoichiometric relation8hi})8 are required. Indeed, hydrochloric acid t 
the extent of 3 per cent of the theoretical requirements is found to I 
adequate ; in certain casesr ferrous chloride to^n equivalent amour 
is substituted for this hydrochloric acid and, in presence of iron an 
water, a clean reduction of the nitrobenzene occurs. It is therefoi 
obvious that, in this case, it is not a question of simple reduction b 
means of hydrogen. The operation as conducted shows catalyti 
features. No single explanation of the mechanism of the process a 
yet finds general ac<‘epiance. According to Witt ^ the ferrous chloricl 
is conv-^erted by the reduction process to an oxychloride, wluch the 
interacts with the iron to regenerate ferrous chloride and to give simul 
taneously magnc'tic oxide of iron, Fe^Oi : 

6F(‘Cl2 + OoHjNOa + H.,0 - 3Fe()C:i* + 

iFeOClj'i Fe Fe(.’l2+ FcaOi. 


The 8um*total of the reaction could then be expressed by the equatioi: 

4CeH5NOj + 'JKe 1 4H,0 > 4(VI,NH, + atV/),. 

According to Wohl ^ the finely divided iron in conjunction with wate 
forms the reducing agent 


CV,H,N02 f 2Fe-‘ 411/) (V, 11, Nil, i 2Fe(011)a. 

Wohl assumes that the ferric liydroxide interacts with ferrous chlorid 
to give a double salt whicli, by further action of nielallic iron, is cor 
verted to ferrous chloride and inagnetio oxide. It will be recallex 
however, in this connection that, in the liergius jirocess, water an 
iron react at 3(X)'' to yield hydrogen under high pressures when acid 
or salts, I’.g. ferrous chloride, are employed as catalyst. It is possibl 
that, under the conditions prevailing in this reaetion, due to the presenc 
of a hydrogen “ acceptor ”, nitrolumzene, the reaction procei'ds at th 
lower temperature. The real reducing agent would then be hydroge 
from the interaction of water and finely dividiul iron. 

With other acids than hydroclilorie acid the same circumstance 
hold. A small percentage of the theoretical hydrogen re<piire,ments ai 
sufficient for the conduct of the proce.ss. Furthermore, the method i 
not restricted to this jiarticular nitro-compound. The reaction i 
generally applicable and is utilised in the organic dye-stuil industry i 
numerous cases with which it is beyond the scopi; of this volume to dea 
Dinitro-derivatives yield the corresponding diamines. Nitropheuo] 
yield aminophenols with side reactions yielding ammonia, phenol, an 
water, and some aniline. Nitrous ethers yield the correspondin 
amines by reduction in presence of nickel, just as do the isomeri 
nitre-compounds, A production of the secondary and tertiary amim 
1 J. Soo. CW lU, mi, 218. • Ber., 1894, 27, 1436, 1817. 
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iilw'ays occurs, the secondary amine ^miicrally being produced in the 
greatest amount Gaudion ‘ exjdains his results with these com]>ounds 
by assuming isomerisation of the nitrous ethers in presence of the 
::atalyst 

Oximes on catalytic reduction yield primary and sefondary amines 
The amides of the fatty acids yield the corresponding firimary amine 
and water with some formation of the secondary amine by rupture of 
the molecule and simultaneous production of ammonia 

Halogen denvatives. -Direct reduction of halogen aromatic com- 
pounds IS possibh', employing fimdy divided nickel as catalyst The 
ease of reduction is a function of the compoiiiKl The jiresence in the 
ring of substituent groups such as methyl or li^droxy-raclicals facilitates 
reduction In general, the chloro-derivativi's are the most easily 
reduced The bromo-dernalives aie less easiK reduced, and (he lodo- 
compoiinds least of all This order is what would be expected in view 
of affinity relationsbips between livdrogmi and the n-spective halogens 
On an intermediate compound tlieorv of latah sis also the same order 
would bo forecasted, since nu kel < liloiuh* is readily rediu (‘d by hydrogen 
at 270“ , whereas the bromide i.^ less easily reduced and the lodidt' 
practieallv not at all at such temperatures 

In exemphlieatioii of the catalytic reduel ion the following reactions 
Will serve At 270“ mono( lilorohenzeiie is rapidK lijdrogenati'd, 
ben/enc being formed A (crtani (pianlitv of (li])heii\l m. however, 
Simultaneously produced due possible to the diiect action of the 
metallic catalyst on the (hloto-(leii\a 1 i\e 

Poly-ehloro-denvatives jield the reduusl pioduets in sueec'ssive 
stages Thus (lieliloroben/ene gives sue i c'ssivele moiio-c'liloroheii/ene 
and ben/eiie From lie\aehloroben/,eni- ,i imxture of the In-, di-, and 
niorio-ehlorobon/enes h obtained 

The chlorotoluenes aie nioie readily reshued th.ui the chloro- 
benzenes Tnclilorophenol gives a imvtun of 70 per eemt ot jilnmol 
and some monoebloroiibeiiols Chloroamliiies re.idily vield the 
corresponding h}(lrochlori(le C'liloromtro-compounds siitfenng simul- 
taneous reduction of the chlorine and nitro-gioups also 3 ielci the 
hydroehloiiiles of the corn'sponding amine 

Oxygen-containing carbon compounds. V number of owgen- 
containing carbon compounds may be eatalvtically re<lured with 
simultaneous fixation of the hydrogen Thus, ethyl acetoaietate is 
converted to ethyl butyrate aceotding to the ('quution 

OH 3 CO CH 3 .COO.CA + 2 HJ-— > 

CH 3 Vll, Clla COO (yij-fH^O 

Tins reaction is always accompanied by side reactions A split of the 
molecule may occur (CHj CO CHj-aud COO C^Hj), the products 
yielding further reduced substances, the former acetone and secondary 
‘ .an». t’Am Phys . 1012 (uii ), 26, 120 
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propyl alcohol, the latter ethyl formate, which decomposes Under the 
reaction conditions to ethyl alcohol and carbon monoxide. This latter 
may transformed to methane during the reacti(fiL Alternatively, 
condensation of the molecule may occnir as a side eviction, ('utalytically 
assisted by the' nickel. The hydrogen does not function in the change, 
the products of condensation being dehydrac^Uic acid and ethyl 
alcohol, according to the e(piation 

2(CH3 . ('0 . CH, . iVO . (Vf 3 ) ((’If., . (T)), i . OH. 

With nickel of medium activity aromatic ketones an' reduced 
to the corresponding benzt'ne derivative. Thus, aceto})henone, ^ 

. (’0 . CH 3 , yields (‘thyl benzene. Similarly, aromatic diketones 
give the rorres|)onding hydna-arbons : 

(yij . CO . CO . (^1, f tIL- --vC,.H, . ('II 2 . CII 3 . ^ 211,0. 

The anhydrith'S of dibasu- aoid.s givi* the corresponding hictom'S. 
Thus succinic anhvdri<le gives Imiyrolaclone. ort hopht halic aiihy<lrid(!!‘ 
the corresponding phthalide, v.(/. 

CO ('ll, 

e„H,: \(} .v(yi,' ■/), 

CO (’()- ' 

The phenols ami poly-phenols may be n'dueed to the efjrresjxmding 
liydrocarbons, l)Ut the yields are low. 

Aldehydes. Aldehvde.s on reduction are converted to 1 he eorn'Spond- 
ing alcoliols : 

H.(’1!0 t 11., ll.CH 2 .OH 

Tliis n'actioii is of prinu' importance in the modern work on ilie 
j)roduction of syntheti*’ aleohol. .As shown elsewhere (p. from 
calcium carbide as starting-point, aci'taldehyde may be syntliesised, 
via aci'tylene, whieli is catalytieally hydrated to yield tin- aldehyde. 
Using Sabatier's eatalytie hydrogenation firocess, the aldeliyde thus 
jiroduced may be converted to ethyl alcolud Tlie reaction is con- 
ducted in the presence of reduced nickel at 140', using dry ald<'hyde 
vapour and pure hydrogen The com])lciene.H.s of the synthesis is 
limited by tlie reverse jnocess of dehydrog«*nalion of the alcohol pro* 
diiccd, but, with careful control, a conversion of HO per cent of the. 
aldeliyde is )»o.ssib]e in a single jiassage over the catalyst. Terrijierat-ure 
control must also be rigorous owing to the possibility of catalytic 
decomposition of the aldehyde, which, at 1H<U, under these conditions 
is rapidly converted to methane and carbon monoxide, 

CHa.CHO-CH^-fCO. 

The products of reaction, consisting of alcohol, unchanged acetaldehyde,' 
and hydrogen, are collated, and, by a [irocess of continuous fractiona-; 



m) PBACTrOEi 

mvii, are separated, the unchanged materials returning to the reaction 
System 

Armstrong and HiJditch ^ have shown that the reduction occurs 
more slowJj than the hydrogenation of simple ethylenic compounds, 
but the mechanism is the same * Water vapour inhibits the hydro- 
?enation process markedly The Lonza Electnzitats Werke carry out 
-he process technically by using a large excess of hydrogen, which is 
itnpped of reaction product and returned to the inlet of the system 
Oxidea of carbon. Both carbon monoxide and carbon dioxide may 
; be reduced by hydrogen in the presence of metallic nickel In each 
case the products of reduction are methane and water, the reactions 
; occurring being representable by the equations 

C0+3H., = CH4 4-H30, 

C02f4H2=CH4 + 211^0 

With an active nickel catalyst the reaction with carbon monoxide may 
^.commence as low as 180° - 200°, the velocity of reaction increasing 
rapidly with the temperature, so that at 250° the conversion is prac- 
tically complete With carbon dioxide the ri'action commences at a 
somewhat higher tem[)erature, towards 230°, and is rapid above 3(K)° 

It has been suggested that the dioxide may thus bi' used as a suitable 
fstartirig-point for the jireparation of pure methane It is necessary, 
however, to exercise care in the process, otherwise carbon monoxide 
will be found m the reaction product after removal of the carbon 
‘ dioxide by alkali The occurrence of carbon monoxide m the hydro- 
genated products of carbon dioxide is of interest, and further study 
of this point should yield information on the jirccise mechanism of 
reduction 

With carbon monoxide at temperatures above 250° a second 
reaction may occur, also catalytically assisted by metallic nickel, as 
well as by many mctallio catalysts, ei; iron Carbon monoxide is 
decomposed, yielding carbon and carbon dioxide according to the 
equation 

2CO^^.C + 0O, 

Tlie carbon is deposited on the nickel catalyst, rapidly rendering it 
, ineffective catalytically. 

The technical application of these hydrogenation processes to the 
production of illuminating gas has been the object of considerable 
investigation. A review of this work may therefore here be given 
Technical production of methane. -El worthy m 1902 * was the first 
to apply the process of Sabatier and Senderens to the technical produc- 
;ta®n of methane from carbon monoxide He employed water gas as 
the source of his methane. The gas was freed from carbon dioxide 
and so much hydrogen added that the theoretical mixture {CO + SHj) 

S A free. So)f. Soc., 1920, 97i, 259. » See p 137. » B.P. 124«1/1902 and 1433.1,1904 
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for methane formation was obtained. The <;onversion was to 
effected by passage of the gases over finely divided nickel at 250®. The- 
process was to be exploited by an English company, but technical 
difficulties, mainly the short life, of the catalyst coupled with the death 
of the patentee, affected the progress of the work adversely, and the; 
problem therefore remained unsolved. 

Sabatier himself attempted the solution of the problem.^ At the 
outset he sought to reduce carbon dioxide by means of hydrogen at 
t-emperatures of 350®. Later he proposed an alternative process,^ 
utilising the decomposition of carbon monoxide to carbon and carbon 
dioxide which occurs readily at 500® in the presence of a nickel catalyst, 
together with the observation that the carbon deposited in fJie mass 
readily combines with superheated steam to form carbon dioxide and 
methane. In this manner mixtures of methane, hydrogen, and carbon 
dioxide could be produced from water gas. The reaction could be 
conducted in the two stages or, by pafisagc of suitable proportions of 
.water gas and superheated steam simultaneously over the catalyst at 
500®, tile two reactions could be su})erimpo8ed. In conjunction with 
A. Girard, considerable energy was expended in attempting this 
alternative scheme on economic lines, ])ut presumalily witliout success. 

In a later patent^ Sabatier returned to the din^et reduction process, 
employing a low-temperature w’ater gas with a higli-earbon dioxide 
content and a correspondingly low content of carbon mon«>xi<le (12 per 
cent). In thi.s way the necessary excess of hyilrogen was obtained. 
The gas, after removal of the carbon dioxide, was passed first over 
heated copper to remove impurities, and then over the nickel catalyst 
to convert the mixture into methane and hydrogen. 

An alternative method of producing the hydrogen-rich gas neces- 
sary for the production of metham* wa.H w’orked out by Bedford in the 
laboratories of Prof. Erdmanu, Halle-a.-S., and the technical possibilities 
of the process were exploited by the Cedford Gas Process (k). in England. 

The difficulties in the way of a technical .solution of the jiroblern of 
reduction of carbon mouoxid<‘ by hydrogen in the [irescnce of nickel' 
may be briefly summarised as follows : 

(1) Theoretically, three volumes of hydrogen are reipiiretl for one' 
of carbon monoxide. In technical practice, it is found that at least . 
five volumes are requisite. 

(2) Sulphur-containing gase.8 poison the nickel catalyst. * 

(3) The decomposition of carbon monoxide to carbon dioxide and, 
carbon may occur with decomposition of the latter on the nickel 
catalyst resulting in loss of catalytic activity. 

The use of low-temperature water gas, as suggested by Sabatier, to 
overcome the first difficulty suflcrs from the disadvantage that coil4. 
siderable quantities of carbon dioxide must be removed, an operation, 
of considerable expense. Alternatively, Elworthy’s proposal to admix, j 

» FP 354621/1906. » F.P. 365900/1905. » F.P. 400666/1908. 
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iydrogcn is limited in its application by the relatively high cost of 
lydrogen The attainment of the hydrogen-rich gas can, however, be 
ealised by removal of carbon monoxidi' from water gas, and this is 
)Ossibl(‘ by the physical method of Inpiefaction, making use of the 
uifference in the boiling points of the two constituents (H^- - 252 5° , 
C0=- l!Kf) As mentioned elsewhere (see j) 228), this process of 
li([uefaetion has been employed by Frank and t'aro for the preparation 
of hydrogen 

J5y a modification of the imdliod of operation it w,is found possible 
so to conduct the liquefaction that at the tenqierature of liquid air 
BO much carbon monoxide was removed from water gas that an 
iincondenscd fraction containing It per cent of larbon monoxide was 
obtained The liquefied carbon mono.xnle was vapoiised, a portion 
mixeil with the 14 per cent fraclion to bring it up in composition to 
17 ]H‘i cent, and the remainder buineil in gas-engines to yield motive 
power to driv(‘ the compressors ami also to work tin* pumps necessary 
to remove all traces of carbon dioxide from the original water gas 
This was accomplisheil by washing with water ami with alkali under 
pressure, or aciording to the patent of llelirens .iml Behrens,' by 
alcohol under pii'ssure in a ( in ul.itory system 

The adoption of tlu' lupiefai tion [iroeess to obtain the hvdrogen- 
ricli gas mixture simultammuslv solved the second dilheultv m the 
process For, in tin' cooling operation, it was found that all sulphur 
compounds wen' completelv ri'inoved from tiie urn oiideii'-ed poition 
and remained behind as solids m tin' carbon monoxide rich fraction A 
gas was obtaiiK'd so frei' from sulphur impurities tliat after the passage 
of 5(K),(K)0 litri'S over 20t) guns of reduced nickel the aitivitv of the 
cataljst was absoliiti'lv nnimpaiied From otht'r soiitces it is possible 
to confirm this observation as to freedom from sulphur and it may be 
stated that as much as volumes of gas per voluim' of catalyst 

may be sticcessfiillv treated without recording a departun' fiom the 
quantitative nature of tlii' conversion 

The further difficulty associated with the [iroiess due to carbon 
deposition, is practically eliminated by use of tlu' ga,^ with 5 volumes 
of hydrogi'ii to 1 of carbon monoxide The diluent effect of the 
hydrogen is sufficiently great to pre,vent decomposition occurring in 
any marked degree 

For the rediietion process it was found that tliroe quart/ tubes, 
1'5 metres long and 12 em diameter, each containing 2()() grins of 
finely divided nickel, were adequate for the treatment of dOO-oOt) 
cubic feet of gas per hour The yield of methano-nch gas thus obtained 
averagi'd 2(X)-250 cubic feet per hour The quartz tubes were main- 
tained at a temperature of 280‘’-300“ Since the reaction is strongly 
, exothermic, 

CO + SHj -- CH 4 -t HjO -t 48,900 cals , 

* D K P. 2/1.942 * Thcrmftl Sjudicatc, Wsllwnd 
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it may readily be shown that witli a gas of 17 per cent carbon monoxide 
content the process will maintain itself without the sup}>ly of external 
' heat. 

In a sixty-hour test run under these ctuiditions tlie following sample 
data were collected : 


Val. 



CO, 

CO 

II, 

N, 

CM, ! iK'r 
: ciiV. (t. 

{n) ('em posit ion of (lie «aler^as . 

:is 

:{h:i 

02 2 


I 2S8 

{h) Water gas fleet! from (’(), 

(I 
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r»i 0 
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1 - • 
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1 -s 

1 29S 
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0 
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1 1 

0 

n:! 
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0 
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14 

1 m2 . 

()(H) 1 

n-H 

; :118 ISH 

1 

0 n 

1 0 

1 

<>1-4 i 

(c2 

1 .’OH [ 4110 
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It was shown that ii duniiiution in aelivify of tlie ?iiek(‘l din* to 
carbon (lep<tsition occurred, this could lie removi'd by slowing down 
the stream of gas for a ]>eriod of lime during winch fin* nn'kel r(‘eovered 
its activity. According to Mayer and Ilens<‘Iingd this is due to int(‘r- 
action ol tile deposited carbon with hydrogi'ii to form nietlinne, 

do avoid carlnm depo.sUion. the carbon mono.xidc content, is kept 
b'-low 17 per cent lienee a ga.- with more than .‘12 per cent (d methane 
cannot be (tbtained in one o)H*ratn»n, Aidually. howa'ver, by addition 
of lurther (piantities of carbon monoxide* to the reduced gas, t he process 
may la* repcati'd and a gas c<Mitaining as much as 7t) per cent of methane 
niav be obtained by siicct'ssive treatnn'nts. 

As to the economics oj the proccNS, Mayer and Himseling are 
jiessimi^tic. Krdmann. on the other han<), <'Iuims considiTable pos- 
sibilities for the proceN‘< It is obvious that a cmisiderable reduction 
in voluim* occurs in the process, so that large yolumes of gas must 
nece.ssanly be treated to obtain a given <»nt}Hit ddiis would militate 
against its siu'cessliil utilisation as a sourc<‘ (d illuminating gas per fie. 
On the other hand, the consnhrable increase in ealoritie value per 
unit volunn* aceompauving the conversion sugge.st its ajiplication as 
an enricliing agent for water gas produced in gas-works for addition * 
the ordinary coal gas supply, ddns would ol>viate the use (d oil 
supjdies for l arbtiretf ing water gas ami therefore inerease the (piantities 
of such material available for other purposes, d’here seems to be 
distinct po.ssibilities of use for a gas with a calorific value averaging 
350 B.d\U. eapable of production at a figure comjiarablf* witli that of ^ 
coal gas. ddio jiroduct of the (.Vdford process, it w'as seen, averages 
480 B.T.r. per cubic foot, s<j that admixture of this with an ordinary 


‘ J.f. (JaiMiuchL, 1909, 62, 169, 197. 



Water gas of 300 B.T U. m equal proportions would yield a gas of 
calorific value well above the 350 B T.U. standard. The cost of 
production, also, should be within the limits of practical consideration 
Nevertheless, so far as is known, no considerable technical development 
has taken place m such direction Extended familiarity with technical 
catalytic processes may, however, promote such development along 
the lines suggested by the above outhne or m similar directions, employ- 
ing other catalytic agents for the production of the methane 

Medsforth ^ has shown that this reaction can be much more rapidly 
conducted if the nickel catalyst contains a promoter. Ceria, thona, 
glucina, chromium oxide, alumina, and silica gave a from 17-fold to 
12-fold increase in velocity over that obtainable with the straight 
nickel catalyst. Zircoma, molybdenum, and vanadium oxides were 
somewhat less efficient, though still good jiromoters Tin and mag- 
nesium oxides, copper and silver metals produced no acceleration over 
the straight nickel With the carbon dioxide reaction the increa.ses 
in velocity were somewhat less than those recorded for the monoxide 
reaction , although the order of efficiency was the same The mechamsm 
of the promoter action has already been discussed ^ 

Armstrong and llilditch® conclude that when ptinfieil water gas is 
passed over nickel at 2(K)®-3()f)” (' the {iredommatmg ri'action is 

2CO e2H2-CO,4-CH, 

The reaction is regarded as the sum of two reactions 

2('() t2H.,0= 2r(), i 211,, 
rOij h2H2 i-2H2-('H, I 211./), 

the former of which is regarded as occurring in the .same manner as 
the reaction m jiresence of copjier jiroviously studied by tliem,^ namely, 
via formic acid . 

CO + HCOOH - -> CO^ + Hj 

With cobalt the reaction commences at a lower tein[)erature, 180" C , 
but the reaction yielding carlioii dioxide and metliaiio is subsidiary to 
the mam methanation process • 

CO + SHj-CHjH H^O 

Silver is inert, iron almost so, platimim and palladium of minor 
activity. Increase of pressure up to 6 atmosjiheres increased the 
minimum temperature of interaction The reaction producing carbon 
dioxide and methane produces more methane from water gas than any 
other reactions It may therefore have value as a means of increasing 
the methane content or lowering the carbon monoxide content of town’s 
gas 


1 J am Soc . 11)23, 183, 1462. 
’ Proc Roy. Soc . 1023, 103*, 26 
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’ Various efforts to produce, methane from carbon monoxide and 
Ijfydrogen in the presence of metallic .copper have thus far proved 
llunsuccessful. This* raises an interesting problem as to the reasons 
wiiy nickel and copper arc thus differentiated. 

Partial reduction of carbon monoxide. — 'Fhe possibilities inlierent 


in a process for the conversion of water gas into methyl alcohol 
accoring to the reaction 


CO + 2Ha— ^OHaOH 

first attracted the attention of Sabatier and Senderens.^ They found, 
however, that with nickel as a catalyst no trace of alcohol was obtained, 
the reaction proceeding entirely to methane : 


CO + 3 H 2 -— >CH4 4-H20. 


At a later date® the Badische Co. claimetl the utilisation of pres- 
sure in a process for the conversion of blue wat(‘r gas into a mixture 
of oils. Pressures over KX) atmospheres and a t-(‘m[)eratur(: range of 
360°-4:20° C. were claimed as suitable with catalysts consisting chielly 
of metals, especially iron and others of the iron group, im])regtiated 
with alkalis ; in addition zinc and zinc oxide were suggi'sted as catalysis. 
The oils so produced consisted in part of hydrocarbons ; tin* rest was 
water-soluble containing alcohols, acids, aldehydes, and ketones. 

A paper patent in 1916® describes the preparation of methyl 
alcohol from water gas at atmospheric })re.s.sures, utilising nielod or 
platinum as catalyst. In 1921 Calvert * claimed an 80 per cent 
conversion into methyl alcohol at atmospheric pres-sure. No details of 
the catalyst are given, but it was in all probability a metallic oxide, 
Patart ® in the same year claimed the conversion of a gas mixture of 
composition corresponding to 2 H 2 : CO at 3(K)^-G00 ’ and at high 
pressures into methyl alcohol, utilising metals or oxirles which arc 
hydrogenating catalysts. 

In 1923 the Badische patents appeared, and the technical plant at 
Merseburg was put into operation for the manufacturii of pure methyl 
alcohol, whilst experiments on the production of long chain compounds, 
including alcxihols and acids and hydrocarbons suitable for motor fuels, . 
were continued by Fischer.® This phase of the process is at present 
just emerging from the experimental to the industrial stage. 

It is clear that two stages in the process of reduction are distinct 
from one another, the primary or ready production of methyl fth^ohol, 
which is apparently followed by further reactions building up the hydro- 
carbon chain. 

'Methyl alcohol prodnotioo. — From the he^ts of formation of the ' 
Various reactants the heat of reaction to form methyl alcohol from the 

• Ann. Ckim. Ph». (!».), 1905, 41»i » J>.R.P. 2937S7/I9I3 nnd fl.F. 468427/1914. 

• Dwylttai, B.V. 492164^916. * Ciem. Agn, 1921. 6, 163. * B.F. 64(^3/1921. 

• Olmwi 16, IWSi July 1, 16, 1924. 



ideal water gas 2E ^ ; CO is found to be 27,000 cals , the reaction 
being exothermic . 

CO + 2 H 2 -CH 30 II + 27,000 

The values of the equilibrium constant at various temperatures may 
be obtained with the aid of the approximation equation of the Nernst 
heat theorem : 

log,.«.-jJjj, + 15&losT + I.<), 

where C represents the chemical constants 

Inserting the values Q ^21, (W, C(r,= t-60, Cco-^T), 0en,()H--3 5, 
V = 2 we obtain the following values of 

Toraporature "/f . 400 500 600 700 800 1000 

LoK.oiC, ---(iCp- 188 2114 4 72 5 08 7 80 

It IS clear that it is most advantageous, as in the ammonia synthesis, 
to operate at ns low a (emperaliire as is possible compatible with 
catalytic crticiency 

'ITie importance of operating a1 bigb piessures is likewise evident 
from the fact that the equilibrium is displaced towaids the methyl 
alcohol side with increase in pressure ]>rop()itionally to a much greater 
extent than in the ammonia sviitliesis 

Thus, at OOO” K or 327‘' C the e(piilibriiim constant is cn 10'^ , if 
water gas containing equal (piantities of hydrogtm ami carbon mon- 
oxide be brought to equilibrium witli rnetli)! alcohol at various 
pressures, the partial pressures of each eon.stituenl will be 

I Total I’n fisiirc 1 J’artul 1 I'artl.il I'ros'iiirc, 1’ irti iMTosun , 

in AtmoHpheros I Mi ! mi ( II 011 ] 


1 0 5 ' 0 5 ' 0 5. 10-^ initi I 

10 1 ! 5 I 5 0 125 atm j 

225 1 50 ; 50 125 atm 

The cboiee of catalyst for the reaction was evidently limited by 
the fact that hydrogenation to methane had to be avoided More 
hope was to be found in substances such as metallic hydroxides, winch 
readily yielded formates on interaction with carbon monoxide The 
study of the nature of the products of decomposition of metallic 
formates had been carried out by Gieben, Hofmann, and Goldschmidt, 
and whilst potassium formate yielded the oxalate and hydrogen on 
heating, zinc formate was found to give good yields of formaldehyde, 
methyl formate, and methyl alcohol. 

The experiments of Patart, of the Service des Poudres Franyais, 
and of the Badische Co showed conclusively that zme oxide was m 



fact an excellent eatah^st, being quite active at temperatures of 400 *- 
420^^ C., pressures of from 150*250 atmospheres being employetl. 

The Badische Co. are said to be oj)erating at temperatures as low 
as 250°*300'’ (\, with a zinc oxide catalyst projnoted with chromium 
oxide and at a j)res 8 ure of 200 atmospheres. 

In operating the pr(K’e.ss, as has been indicated, special attention has 
to be paid in purification of the ideal water-gas mixture 2Hj ^ CO, not 
only in respect to sulphur compounds, but in the elimination of all 
traces of hydrogenating catalysts such as iron and cobalt and especially 
nickel salts. The catalysts prepared from oxides of metals in dilTerent 
systems in the {wricKlic table, with the imwt basic oxide in excess, must 
likewise be free from those impurities as well as from alkalis, (’opper 
has proved the most suitable metal as catalyst conUiner. 

Synthesis of hydrocarbon chains. —Whilst the primary formation of 
methyl alcohol on the .surface, of the zinc oxide cjitalyst apparently 
protMMsIs smoothly through the formate, the subsequent production of 
long chain hydrocarb«)ns and tlieir oxy-derivatives aj)pears to be more, 
complicated. A,** elhcient catalysts, oxides or iron impn‘gnat<‘il with 
strong alkalis at •!()(» -420’ C. and 150 atmo-spheres may he used. 
The resulting product contains relatively largo quantities of is»)butyl 
and higher alcehols up to (’j, isobutyric and higher a<‘i(ls up to 
Cg, isobutyric aldehyde and higher aldehydes, acetom* and higher 
simple and mixed ketones, about 2 ]>er cent of esters, 1 per cent of 
hyJrorarb(»n‘<, and a sni ill (plant iiy of w'axy solid. 

The mechanism of formation of these long chains can 1)<‘ interpreted 
in various ways. Since the eoinbinatioii of a hydrogenating catalyst 
and a strong alkali are require(l to eifect catalysis, this suggests the 
following .‘((‘(picnei* of n^actions : 

(1) CH.,OH e VO > C'H;,('OOH on the alkali, 

(2) CH 3 COOH f H.^ -> ('ll, (TIG on the hydrogenator, 

(3) CTIgCUGH II 2 -> (^^Hjbn on the iron. 

The jirocess commences again with ethyl alcohol as reactant. 

If this mixture' be heated to 400'’ C. in an autoclave the ahmhols 
and aldeliydes arc decomjiusc^d and a mixture of saturated and un- 
saturated hydrocarbons are obtained, a suggestive method for the 
formation of natural naphthenic petroleum from water ga.s. 


Hydroobnation of Uxsaturated Gompounds 

By far the greater number of catalytic hydrogenation processes may 
be classified in this grouping, and in the hardening of oils tho utility 
of the process finds a practical application. Examples of hydrogena- 
tion of all tyi)e8 of unsaturated compounds may be given, including 
compounds containing the ethylene double bond, the acetylene triple 
:b<?nd, the triple and quadruple linkage between carbon and nitrogen, 



’'the double bond between carbon and oxygen, the benzene nucleus, (ind 
various other unsaturated nuclei 

Ethylene.— The ethylene linkage is readily hydrogenated in the 
presence of metal catalysts Thus, m the presence of nickel, ethylene 
itself is hydrogenated at temperatures as low as 30®, ethane being the 
product. The rate of reaction increases with temperature, and is very 
rapid in the temperature' interval 130°-160°. If the temperature em- 
ployed be too high, decomposition of the hydrocarbon, in other words, 
dehydrogenation, also sets in, with deposition of carbon and liberation 
of a mixture of ethane, methane, and hydrogen, the two latter in 
larger quantities the higher the temperature employed. This behaviour 
is quite general for all the ethylene hydrocarbons investigated At the 
lower temperatures hydrogenation proceeds more or less quantitatively 
to the corresponding saturated compounds. At elevated temperatures 
decomposition sets in, with formation of simpler hydrocarbons and 
hydrogen together with carbon and a small proportion of complex 
liquid hydrocarbons. 

Afecliow.m — The beat kinetic ^studies of the hydrogenation of 
ethylene have been made by liideal ^ using a nickel catalyst and by 
Pease “ with copper Ridcal used a relatively inert nickel catalyst 
produced on a strip of nickel foil. He studied the rate of reaction of 
the mixed gases, at relatively low partial pressures (0-200 millimetres), in 
varying ratios, over the temperature interval of 30’’-200’ C He found 
that, in excess of hydrogen, the velocity is proportional to the pressure 
of ethylene, in excess of ethylene to the hydrogen partial pressure 
Ethane acts as an inert diluent. An optimum temperature of reaction 
occurs at about 137° C The reaction velocity is governed not only by 
the rate of impact of the reactants on the free spaces of the catalyst, 
but also by the length of life of the molecules on the surface These 
contrary factors gave a maximum velocity effect at 137° C Ridcal 
made the important observation that, on the most advantageous con- 
ditions of impact, the catalytic efficiency of his metal surface was only 
0'04 per cent Oxygen inhibits the reaction, hydrogenation of the 
ethylene being negligible before all the oxygen is converted to water.' 
From lus data, Rideal deduced a heat of adsorption of hydrogen by 
nickel of 12,000 cals , a surprisingly high value which was, however, 
subsequently confirmed by direct measurement ® 

Pease showed that, in presence of copper, the bulk of the surface 
m contact with a stoichiometric mixture is largely covered by ethylene, 
and the rate of reaction is determined by the rate at which the 
hydrogen can reach active centres in the catalyst surface. Pease, 
showed that the centres on the copper surface which are capable of 

^ J, CArfih Soe , 1022, 121, 3Q0 ; see also Palmer, Proe. Ihy Sfx , 1921, 99a. 402. 
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r.^osoroing nyarogen were not all eUfliciently active to produce 
^j^:geJiation, and that therefore, even^in a very highly active catalyst^ 

„ (PeasoVcatalyeta were eo active that the reaction was rapid at 0** 0,), 
the proportion of the surface which was catalytically eflicieut was a 
very small fraction of the total surface. This confirmation of RideaTi' 

^ result in the case" of nickel is of fundamental im^wrtance in the theory • 
of contact catalytic change.^ 

The problem of hydrogenation of unsaturated hydrocarbons is allied ^ 
. to the experimental work of Bergius on the action of high-pressure 
hydrogen on coal and tar oils. Experimental investigation shows that, 
at 4(W and 100 atmospheres hydrogen pre.ssuro, hydrocarbon oils 
result from coal, and that these yield, on distillation, products assembling 
the paraffin hydrocarbons. The application of catal^lic agents to such 
reactions would seem to offer possibilities of development in a technical 
direction. 

Alcohols with a single unsaturated linkage are hydrogenated, with 
formation of the corresponding saturated alcohol. Tims, at 
in presence of nickel, allyl alcohol yields propyl alcohol. Similarly, 
citronellol, 

(CH3 )jC « CHlCHala . CH - OH* . 011* . OH, 



yields the dihydro-derivative. 

Witli aldehydo-s, conversion to the saturated aldehyde is readily 
effected, but simultaneous reduction to the saturated aleolif>l occurs, 
though at a less rapid rate of reaction. Thus crotonaldehyde gives a 
50 per Cent yield of butyric aldehyde and 20 per cent of butyl alcohol 
when heated with hydrogen in presence of nickel at 125'^. 

By adjustment of the temperature of operation, ketones with 
ethylene linkages can be reduced to the saturated compound without 
simultaneous reduction of the ketonic grouping. Thus, at 160'’’-170'^, 
phoroiie, (CHjlgC-CH , CO . CH = C(CH 3 )j, gives di -isobutyl acetone. , 
At 225^ the corresponding secondary alcohol and saturated hydrocarbon 
appear in the product. ^ 

Unsaturated acids are likewise hydrogenated without any action of 
the acid on the metal catalyst; this is of importance in the technical v 
hydrogenation of oils, since these always contain small amounts of free 
: acids. ; 

, The esters and glycerides of unsaturated acids are likewise hydro- 
^genated readily in the vapour phase. For technical operation, how- i 
ever, the discovery that hydrogenation could be effected in the liquid 5 
E'phase obviated the necessity of employing the vapours of the oils,"^ 
f most of which are non-vol^ttle. A considerable industry in the hydro- 1 
't.genation of oib has now been established, the details of which uicrit ^ 
Ij^tended consideration. < ' 

^ Fpr fuitWdiioiiMia^ 109 BnaxMU, Copter VI. Jp. 137. 
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Hydrogenation of Oils 

The classic studies of Sabatier and Senderens which have just been 
detailed undoubtedly laid the foundation for the development of the 
many processes now in technical operation for the hardening of oils by 
hydrogenation. The problem of oil hardening, briefly stated, consists 
in the conversion of oils which at the ordinary temperature are liquid 
into fats which are hard under the same conditions Chemically ex- 
pressed, the problem is the transformation, by addition of hydrogen to 
the molecule, of the glycerides of unsaturated acids, such as oleic acid, 
into the glyceridi's of the corresponding saturated acids, such as stearic 
acid The hydrogenation is accompanied by the elevation of the 
melting point of the glyceride Since the market value of solid or semi- 
solid fats IS intrinsically higher than tliat of the liquid fats, it is obvious 
that such a transformation, if effected cheaply, has a large industrial 
importance in the soaji, candle, and margarine industries 

Early ctforts to ('fleet hydrogenation of oils are almost legion, and 
all of them were failures technically The early work of Clievreul and 
Berthelot is classic, many possible iiu'thods of introducing hydrogen 
being attempted Chlorine, ^ bromine, and iodine have all been pro- 
posed. Nascent hydrogen produced from hnely divided zinc and water 
in the presence of olein under pri'ssure was clainn'd by Tissier® 
Schmidt’s process of heating zinc chloride with oleic acid at 185^ was 
tried, without success, ujion a large scale The jiroccss of Warentrapp, 
in which olein is fused with caustic {totash with formation of palmitic 
acid, had an industrial apjilication so long as the jiricc of olein was low 
Tlie brisk advance in recent years of the jirice of this material has, 
however, destroyed the value of the jirocess The processi's of Wilson 
and of Milly transformed oleic acid into oxystearic acid by the action 
of sulphuric acid. The losses in the process are, however, consider- 
able and militate against its use 11) drogi'ii generated by electrolysis 
wa.s also tried by Petersen, who electrolysed alcoholic solutions of 
oleic acid acidified with a mineral acid, nickel electrodes being em- 
ployed The yields obtained did not exceed 2t) per cent Aqueous 
fatty material acidified with sulphuric acid and electrolysed, as w'ell as 
material previously siilphonatcd,* with subsequent electrolysis, have 
also been proposed as solutions of the problem De Hemptiiine em- 
ployed the electric discharge upon a thin layer of oil in contact with 
hydrogen Repeated operation thus gave yields up to 40 per cent 

Hydrogenation by catalytic action was shown by Sabatier an^ 
Senderens to be easy of accomplishment with bodies capable of vapor- 

‘ Zurnr, D tt P. 62407/1881 , Imbert. US.P 90190.5/1808 
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isation. The patent of Senderens ^ for the rcducMon of the v|poiit8' 
of nitrobenzene to aniline by hydrogen in presence of finely divided 
nickel is the first patent significant of the technical development which 
such catalytic hydrogenation would rapidly attain. 

Application of the principle to li<piid media was disclosed in the 
patent of liCprince and Sieveke ^ and in the corre8{>onding British 
patent of Normaun.® For this latter, which has been exploited in 
England by Messrs. Crosfield of Warrington, a fundamental character 
was claimed. It was decided (1913) in the English courts that the 
Normanu patent could not be rcgardo<l as constituting a monopoly of 
processes for the hydrogenation of oils, and cons(‘quently many t>ther 
patented processes are now being use<l for tin* purjxise on a technical 
scale. The operation of the catalytic action in U(|uid medium has 
alone rendered this technical application possible, since only a small 
percentage of fats and oils can be vaporised without decomposition, 
rendering inapjdieable. therefore, the well-known proeediin* of Sabatier 
and Senderens in the vajiour phase. 

The numerous jinx-esses proposed may broadly be elas.sifie<l under 
four distinct headings ; 

(1) Proeesse.s employing redue«‘d nickel or other base metals. 

(2) Froee.sses employing the prerious metals : ])latinum and 

jialladiuni. 

(3) I’roeesses emploviiig oxide of nickel and oxidi; catalysts in 

general. 

(1) Vn >e(‘sses empl(*ying organic salts of nickel. 

Processes employing reduced nickel or other base metals. These 
j»roei‘.ss(‘s are applications to liquid media of the Sabatier-Seiiderens 
iiydrogenation reaction Jsiekel is known to la* the best catalytic 
agent of the senes. eoj)per. iron, cobalt, and other metals having also 
lieen studied. 

The preparation of the catalyst material is the most important 
matter in the attainment of eflicienf hydrogenation, the aim of the 
operation being the preparation of the metal in a finely dividcfl con* 
dition. The n'searehes of Sabatier and Senderens have shown, as 
previ(»usly emphasised, that the temperature of reduction of the oxide 
bv hydrogen determines largely the properties of the catalyst. The 
oxide .should be prepared from salts free from chlorine and sulphur, 
which act as poison-s in the case of nickel. Copper is less sensitivej to 
poisons, but also less active catalytically. The acct*s8 of air or oxygen 
to the catalytic material should also be prevented, as oxidation readily 
occurs, even if the preparation be not pyrophoric. 

The catalyst may be employed without any supporting material,, 
intimacy of contact and uniformity being secured by agitating the oil ^ 
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f^pj^ess’ iy Kayser has teen patented on this principle ^ me e»aj 
patent of Normann indicates the possibility of rendering the catalyst 
more active by fixing it upon a porous support such as pumice The 
use of other supports has also been proposed, as, for example, wood 
charcoal, fnetals, talc, kieselguhr, and infusorial earths generally. 

The reduction may be earned out on the oxide either m the dry 
state or, alternatively, suspended m a portion of the oil to be hydro- 
genated. The former is the familiar laboratory process modified to 
technical conditions While the catalyst produced may not be so 
active, it is more rugged than that reduced m oil. This latter method 
gives a catalyst which is very finely divided and of high activity. The 
colloidal nickel so produced, however, occasionally shows a tendency 
to agglomerate and to si'ttle out of the oil mixture. The temperature 
of reduction of the oxide is sufficiently high that danger of altering the 
molecular condition of the oil by polymensation— with consequent 
changes in taste— is possible and may adversely affect the hydrogena- 
tion product, if required for edible purposes Dewar and Liebmann ^ 
showed that it was possible to lower the. reduction temperature of 
nickel oxide by admixing with the oxide 10 per cent of cupnc oxide. 
The lower reduction temperature thus secured would favour the 
production of a more active nickel Armstrong and Hilditch ® have 
ihown that the coppermickcl oxide mixture must be achieved under 
certain proscribed conditions for the beneficial actum on the tempera- 
ture of reduction to be obtained They ascribe the lowering of the 
reduction temperature to the effect of local overheating jiroducod by 
the exothermicity of the reduction process in tin* ease of copper oxide 
Kahlonbcrg and Ritter* found that a 50 50 mckel-cobalt catalyst 
ivas superior to their nickel catalyst similarly prepared 

The temperature at which hydrogenation is earned out is governed 
by the nature of the compound to be treated and the eatal} tic agent 
dsed. Tor each compound there is a well-defined range of temperature 
'or efficient operation. With nickel, for a number of oils, the range is 
rom 160° to 200° with a temperature of maximum saturation velocity 
lU the neighbourhood of 180°. With copper, the temperature is 200° 
ind upwards. 

Hydrogenation with base metal catalysts is earned out technically 
both at atmospheric pressure and under pre-ssures of several atmo- 
Ipheres, the actual procedure adopted varying with the process employed. 
In certain processes the hydrogen under pressure is utilised to assist 
in spraying the oil in the hydrogenation chambers In all cases the 
employment of pressures above the atmospheric will assist the progress 
of the catalytic action. The figures of Shaw ® on the hydrogenation of 
oleic acid for the same penod of time under varying pressures demon- 

1 U.&P. 1004035/1911. » B.P 12881/1913 and 15668/1914. 
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jjjl^ the c^ffeci of presgtfe 'in duiimsimg the Mine *yalii<^,^lhC 
therefore also in raising the melting point of the material : 


Pressures in 
Atmcwplierw, 

TeinpiratufP. 

IcHlIiie No. 

6 

250'^ 

77 

25 

250 

64 

50 ! 

250 ’ 

52 


Processes employing the precious metals. —The metals platinum and 
palladium, owing to their well-known catalytic activity, have received 
considerable study as agents for hydrogenation, ^d latterly their 
employment upon a technical scale, in spite of tneir rareness aiid 
Conse(^uent initial cost, has been successfully achieved. 

The prevailing advantage in the use of rare metal catalysts would 
seem to lie apparently in the lower temperature of hydrogenation 
required. Thus, as early as 1906, Fokin had shown that, using pal- 
ladium as palladium blackf oleic acid could be reduced completely to 
stearic acid at a temperature of SO'^-OO^, whereas with reduced nickel 
a temperature 100® higher would be required in practice. With 
platinum in the form of platinum black the degree of reduction was 
not so great, only 24 per cent of stearic acid being formed. 

The theoretical investigations of Paal and his co-workers,^ of 
Willstatter,^ and others have demonstrated conclusively that numerous 
hydrogenations can be effected in presence of finely divided platinum 
or of colloidal palladium as catalyst. In general it was found neces- 
sary to stabilise the colloidal metal, and various protective colloids 
w'cre employed to effect this. Paal made use of a water-soluble ])ro- 
tective colloid, the sodium salts of protalbinio or lysalbinic acids. Skita, 
who in his book tjher katnlytische Reduktionen organischer Ver- 
hirdmgen^ has detailed in a comprehensive manner the literature of 
the subject, employed an acid-stable protective colloid such as gum 
arabic in place of the agents used by Paal. Solutions of j)Iatiuura or 
palladium chloride in presence of such protective ag(‘nt8 arc reduced 
to stable colloidal solutions of the metal by means of hydrogen in the 
cold. The protective colloid also has the power of preventing the 
precipitation of the hydroxide of the metal when sodium carbonate is 
added, to the solutions, the metal remaining in colloidal suspension. 
Such colloidal suspensions have proved to be excellent hydrogen carriers 
"for hydrogenation of both aromatic and aliphatic unsaturated com-, 
; pounds. For technical operation, however, such stabilised colloidal 
.'catalytic agencies have little value, and the solution of the problem 
^ 6f technical hydrogenation by catalysts of the precious metal type was 
"fought in another direction. ■ 

5 ‘ &f., 10O5~1«O9, 88, 40, 41, 4i • Ihid., 1908, 41, 2199, 
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r'aal and the Vcreinigte Chcmischo Workc of Charlotteiiourg uavfe". 
obtained numerous patents claiming the use of the noble metals for 
techmeal hydrogenation The salts of the metals are employed in a 
powdered state, mixed with the fats to be hydrogenated, and treated 
with hydrogen at a pressure of several atmospheres at temperatures 
preferably below 100°. 

The salts employed may be the simple compounds, PdClj, PtClj, 
PtCl 4 , or the chloroplatinates, such as HjPtClfl. K^PtOlf,, or the copper 
salt, Other acid radicals, c q the oxalate, may he substituted for chloride 
They may be brought into the reaction medium either m the jiowdcred 
state or in aqueous solution , or they may be added to the mass in a 
suspension m o^ obtained by trituration of the solid with a small 
quantity of the oil to be hardened In general, to prevent the forma- 
tion, during reduction, of free acid from the salts cmjiloyed, a sufficient 
(piantity of a neutralising agent, such as anhydrous sodium carbonate, 
18 also added The use of carriers and porous supjiorts for the metals 
18 also indicated Precipitated oxides and curl)onat(‘s, tah, and 
infusorial earths are suggested Further, met.illie powders sucli as 
magnesium or nickel may also be em[)l()yed to the .same eiul It is 
important both in the employment of double salts of the platinum 
metals and of metallic supports that metals should be employed 
which do not act anti-catalytically m the process Thus iii this 
connoetion it is to be observed that lead acts mtv markedh as anti- 
catalyst. The re.searches of KarP have shown that hydrogenation is 
very alight when lead, aluminium, iron, or zinc are used as metal 
supports. Oxides, hydroxides, and carbonatt's of the first three metals 
have a similar anti-catalytic effect 

The use of the metallic salts is much moic ellcdive from the 
hydrogenation point of view than the use of eorrespomlmg aiudiints of 
the rare metals in the form of the sponge or of the metal black, both 
the velocity and the degree of hydrogenation being markisily unproved. 
The tune required for reduction depends upon the amount of ran' metal 
salt used and also upon the prc.s8ure of the hydrogen fn an example 
cited by Paal in a patent specification, using 1 jwit of jiailaduim as 
salt with 50, (XX) parts of castor oil, at a hydrogen pressure of 2-3 
atmospheres and at a temperature of 80°, the completion of tlie reduc- 
tion process, as recognised by the gas pressure remaining constant for 
some considerable time, could be attained in from six to eight hours 

The recovery of the catalyst after use is an operation of importAiico 
when a catalyst of considerable costliness is employed. The methods 
employed consist in the mam of the destruction of the colloidal nature 
of the catalyst and the consequent precipitation thereof This is 
attained by the addition of an electrolyte such as hydrochloric acid or 
of aluminium chloride, which electrolytes produce an immediate 
flocculation. With such means it has been found possible to hydro 

' Inftugmtg DisacrtktiOa, Ertaugon, 1911, Bn , 101!!, 46, 3069 




genate 100 kilos, of ‘oil, employing 1-2 grms, of palladium, Tccovenng' 
from the reaction more than 90 per cent of the catalyst. 

The use of other metals of the platinum series has also been in- 
vestigated. The Vereinigte Chemische Werke ^ specifies iridium, 
rhodium, ruthenium, and osmium as catalytic material. Lehmann ® 
hydrogenated small quantities of olive oil, starting with osmium 
tetroxide as catalytic material, which on hydrogenation produces a 
colloidal solution' having markedly high activity. It is obvious, how- 
ever, that the capital cost of such materials will in all cases hinder 
their employment upon the large technical scale. 

Processes emplo3dng oxide o! nickel and oxide catalysts in general.— 
Bedford and Erdmann ^ have claimed that oxides^ of nickel act as 
efficient carriers of hydrogen to oils and fats and that they possess 
C(‘rtain advantages in practical emjdoymcut over metallic nickel. The 
oxid(‘. catalyst i.s claimed to be Ic.s8 sensitive to sulj)hur and clilorine as 
])oisons and to permit the us(‘ of hydrogen containing larger concentra- 
tions of impurities, notably carbon monoxide. They claimed that 
while both the sequioxidc and monoxide are elective as hydrogen 
carriers, a nickel suboxide is the most etlicient. A considerable patmit 
literature arose ^ with reference to these oxide (‘atalysts for hydro- 
genation and a considerable amount of twhnical development was 
initiated for such processes. It is possibh' that this arose in an effort 
to avoid infringement of patents covering the use of the reduced metal 
as catalyst. 

.\ considerable eontrover-sy has taken jdaee as to the nature of and 
activity of the supposed suboxhie of nickel. Meigen and Barkis® 
claimed that the actual hydrogen carrier in th(‘ process was ri’ally 
metallic nickel. Bedford and Erdmann denied this, staling that the 
oil in which reduction was curried out hinders eomidete nHiuetion. 
The catalyst upon removal from the hardtmed oil and after being freed 
from oil by benzol extraction is a strongly magnetic black }H)wder, 
having a nickel content between that of the metal and niekelous oxide. 
It is said not to form nickel carbonyl when treated with carbon monoxide 
under conditions in which it would be readily obtained from the metal. 
Sabatier and Espil® found a slight inflection in the reduction rate of 
the oxide at a [wint which would correspond to a difficultly reducible 
oxide of the formula Ni 4 (). Sabatier and Espil, however, proved the 
formation of nickel carbonyl with the j)ro(luct obtained at this stage 
of reduction. Moore ’ indicaks the existence of a suboxide of nickel. 
Erdmann atkmpted the preparation of Moore’s product, showed it to 
have the properties of the reduced material of Bedford and Erdmann, 
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to alow colloidal properties towards oil, and to be a good hydrogenation 
catalyst. 

Armstrong and Jlilditcli ^ have made a thorough study of the 
reduction of nickel oxides of different types They conclude that the 
superior activity of a partially reduced product over a completely 
reduced* metal ‘is due to its being a “ supported ” catalyst, of the same 
type though not of the same degree of activity as nickel upon a support 
such as kieselguhr The reduction curves are related to the physical 
condition of the oxide rather than to the formation of any more or less 
definite siiboxjdes They showed by experiment that the activity of 
a partially reduced product is dominated by the condition of the 
surface layer of reduced nickel. With non-aupported catalysts, maxi* 
mum activity is reached when only a portion of the nickel oxide has 
been reduced to metal , with a supported catalyst, however, which is not 
aiipreciably reduced iii bulk by the process of reduction, the catalytic 
aiitivity, instead of declining again, is maintained constant until and 
when the whole of the nnkol oxide present has been reduced It is 
therefore certain that variations in the catalytic activity of these 
reduced products are to be ascribed to variations m tlie nature of and 
area of free nickel exposed, and do not require for their mterjiretation 
the assumption of the presence of any catalyst other than the metallic 
nickel. 

I’hat tlic oxide is quite unnecessary for the production of an active 
nickel catalyst has recently been established in two other different 
researches. Kahlcnbcrg and Hitter^ showed that nickel chloride re- 
duced with [lydrogen at 180°-250° C is a good catalyst for hydrogenation 
of oils Kelbcr^ also showed that the eharactensties of a nickel 
catalyst prepared by reduction of nickel cyanide with h}drogcu were 
identical in every way with those prepared from an oxygenati'd starting 
material 

Processes employing organic salts of mckel. -To avoid difficulties 
due to the presence of chlorine or sulphur m the catalyst prepaiations 
the use of salts of nickel containing none of these poisons is to be 
recommended. The organic salta of nickel have therefore been em- 
ployed to a considerable degree for such purpose As examples, the 
use of the formate, acetate, and lactate, of mckel carbonyl and of 
various fatty acid and armdo-salts of nickel, is indicated m the literature 
of the subject The use of salts such as formate and acetate forms 
the basis of a scries of patent claims by Wiramer and Higgins * By 
employuig the formate, for example, Higgins claims that the velocity 
of hydrogenation is accelerated by presence of the formic acid. This 
latter may be present to the extent of 1 or 2 per cent, and may even 
be introduced along with the hydrogen by passing the gas before 
entering the reaction chamber through a solution of the volatile acid. 

1 Proc. Roy, Soc., 1921, 99a, 490. * J. Physte(R Chm , 1921, 25, 89. 
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Fternativdy, Wimmer and Higgins have proposed the preparation of 
jatalysts by the reduction of such salts in a suitable protecting medium, 
juch as the oil to be hydrogenated. After a period of time the oily 
cnass becomes black in colour, the mixture thus obtained being added to 
bhe main body of oil to be hydrogenated. The temperature of hydro- 
genation is apparently 180°-2tK)'^. The nature of thc^catalyst thus 
abtained is doubtful. Commenting on these preparations. Erdmann 
states that the organic salts do not act themselves as catalysts. Bedford ' 
ind Erdmann ^ claim that at 210° the salt is broken down, yii'lding the 
juboxide, which is the catalytic agent as in their process, when'iis, at 
the higher temperature of 250°, metallic nickel is obtained. Ineident- 
ally, small amounts of nickel soaps result from th(5 reaction. In 
Drder to suppress the coucentration of free fatty acids resulting from 
such catalytic hydrogenation, Wimmer recommends the addition of 
drying agents to the catalytic material and proposes ignitetl sodium 
and magnesium sulphates for such purp(\se. 

In order to })romote intimacy of coutuet between catalyst and oil 
fat the use of nickel soaps as catalytic agents has been siiggt'sted, 
De Kadt^ cites a mixture of the nickel and iron or co()per soaps of 
fatty acids having a higher melting point than tliat of the hardened 
fat. After the catalytic operation is completed the soap is separated 
by agglomeration of the particles in the quieseent liquid or by liltration 
of the liot oil, the soap being retained on the filter. The aim in this 
method of operation is clearly to promote nmtual solubility of contact 
material and substrate iii order the more etiectively to carry the 
hydrogen to the unsaturated fat. In the use of sucli materials, liow- 
evor, Bedford and Erdmann claim that the oxide, and suboxide arc the 
active agents. 

Nickel carbonyl, Ni(CO)4, the volatile compound discovered by 
Ludwig- Mond and used so extensively in the preparation of pure nickel, 
has likewise been suggested as starting-point for the preparation of the 
catalyst. The claims of Shukolf ^ and of Lessing ^ may be nieiitioued 
in this connection. Nickel carbonyl is readily miscible, with oil, and 
on heating to 200° is decom}»osed, depositing metallic niek(d in a finely 
divided and active form. Lessing j)roi>08es the simultaneous intro- 
duction of the hydrogen and carbonyl in order to cause the formation 
of the metallic catalyst in the immediate pr(‘.8ence of the hydrogen. 
He suggests that the gases employed need not be of great purity and 
that large amounts (up to 25 per cent) of carbon monoxide are per- 
missible. Thus a hydrogen containing from 5 to 10 i)er cent of carbon 
monoxide may be passed over reduced nickel and theuc(; direct to the 
<yil maintained at a temperature of 200°-24()°, the unabsorbed gases 
being returned to the starting-point for renewed passage over nickel 
and into the reaction mass. The amount of nickel required is said to 
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bo small, excollont rosults being yielded by 0 I part of nickel per 100 
parts of oil Kills has studied the use of nickel carbonyl and records 
sinular results,^ observing, however, that the greatest ditfieulty attending 
its use appears to be “ the removal of finer jiortions of the nickel 
preiipitate from the oil after liydrogenation but tins may be aceom- 
])lished by the observance of due precaution in filtration ' The 
catalyst may, he further observes, be repeatedly used, and its 
regeneration is. relafively, a simple matter 

Maxteil - has stiidii'd (|uantitati\ely the mliibifing effect of carbon 
monoxide upon the hydrogenation of an uiiMatiirated glyceride m 
liresenee of finely div nh'd un kel as a i atalvst There is a very mai ked 
poisoning effect, especially pronounced at the lowest eoneentrations 
of caibon monoxide Thus, 1125 per cent larbon inoiioxide decreased 
the hourly absorption of hydrogen by a third, whereas an adilitional 
I'To percent of the poison elfect»Ml a furl her redintioii ol oiie-tliird m 
the amount ol hydrog('ii (onsumed 

Mechanism of hydrogenation of unsaturated liquids In the realm 
of solid-|u|Uid interface leaitioiis at metallie siirlan's, the studies of 
Armsfrong and Hilditeli’* on tlie iat<‘ of hydrogenation of iinsaturated 
eomjioiind.s at the siiifaie of a nukel catalvst are hoiti i oinpiehensive 
and convmeing Several vvoikers, siuh as Fokin, Mloun- Rk filer and 
van Arsdel,'' I’etio,'’ I’bblehode and S\ano(‘,' and Thomas,*^ have 
observed an approximation to a iimmoleeiilar adioii in hvdiogeiiatiou 
of liquid svsiems at a nn kel surfaee Kiiiploy mg as puie mateiials as 
could possibly be obtained, and working under imelianieal (oiiditions 
favouring maximum (oritaet of tbe gaseous, liquid and solid loin- 
ponents ol the system, Armstrong and flildildi loniid tlcit nnsatiirati'd 
glycerides coiitammg mixtures of olem and less salinated glveorides 
gave cliaraeteristii eurves, more neaily a -senes of two sliaiglit lines 
than a eombination oi two unimoleiular curves The first (almost 
linear) segment eorrespondi'd to the portion of lh<‘ p^n(es^ m vvliidt 
analysis of the product has shown that the mam adion is the trans- 
formation of less saturated glyi ('rides to olem. and the second portion 
(not so straight) covers the part of the action in winch olem (with the 
iso-olems also formed m this aitioii) is jia.ssmg to stoaiin 

Later, Armstrong and llilditdi extendi'd the study to suitable im- 
satiirated organic individuals which could bo obtained m a state of 
greater purity than the noii-volatile glycerides The linear character 
of the absorption of hydrogen -time curves became very dehmte It was 
also shown how the linear curv es could be transformed into ummolecular 
curves (i ) by the jiresence of a substance which slowly combines with 
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?lii‘ catalyst to lorm a permanent compound (permanent catalyst 
poi.s(>ning) or (ii.) by ibo accumulation of gaseous impurities in the gas- 
space above tlH‘ acting system (thereby altering the otherwise, constant 
concentration of hydrogen above the liquid). A further possibility 
resulting from this latter elTect is that such gaseous impurities may 
have been pref(Tentially adsorbed by the nickel catalyst and thus 
exercised a retarding intluence on the reaction more than proportionate 
to their actual concoidration iu the gas |)liase. The linear curves 
obtained by Armstrong and Hilditeh in these studies undoubtedly 
indicate* that the chosen e'xperimental conditions gave a catalyst surface 
which was. initially and for a prolongtsl jmtuxI of lime. comph‘(ely 
saturat(*cl with reactants. The deviations from linearity in the later 
stag(?s of the reaction arc also to he ascribed in part to coin)»clition of 
reaction products for the nickel surface, since it has been shown ^ that 
even saturated hyelroearbon systems, vjj. ethane*, cyelediexane*, aree 
streingly adsorl)e*el by catalytic im‘tals. 

Tliroughout tlie prcceeling \Nork the* eiperating pressure* e)[ liydreigen 
gas was maintaineel cein.'^tant. In a .snbs(‘«|ue‘nt e’eent ribution Arpistrong 
and Ilildite h di.scnsscd the* intliicnee of variatieui m the* liyelroge'ii 
liressure In this investigatiem the gre'uter e-omplexity e)f (lie* 
i)unole'e*u]ar reae'lioii at an inteTface* re*vealH it.se'lf ejuitf* delinite'ly. 

(i ) Sornxtl. In the alKsenee* of Hiib.''i ituent groups ed the* kinei 
elihcusseel lielow, (iii.), and in |»r(*se‘nce' of sidlicieiit nie-kel (in ge'iieral, 
so long as at least <)•! per e-ent of nicke-l is j)re‘senl). tlu* (‘tliylenic 
union IS hydrogenated at a rat«* which is in almei.st e*xae’t proportion te) 
tlio absolute prcs.sure of the* hydreegen 

(ii.) Suhiioinidl At very le>w eoneentrutieins ed eatalvst (say 
to per cent e)f iiieke*! reekoiu'e! eui the* organic ceimpeiiind) the* 

iiHTca.se in rate* of hydreegeiiation h(*<*e)mes less than proportiemal te> the 
incre*ase in pre*ssnre. The* compe)nnds which absorb hydrogen most, 
re'addy are in general more* j»rone to sliow this snhiieirmal e-tfeet when 
the e^atalvst eenicentration is dimmisheel. anel it is esjUTially mark«‘ei in 
the case of inulti-etliyfe'iiie e-onipeniiiels such as ei<*rivatives of liiiole*ic 
aciei or liiuilenic aciel or \Mth eat red 

(iii.) JlmornKtl. If the* misatnrateel eompound I'ontains aneilhe'r 
group whieli has adinity towarels nie.ke*! (hut is not ofH*n to liydro- 
genatinn), it is founei that increase in hyelrogen jire.ssnn* causes an 
irierea.se in the rate? of hydrogen ael.sorption in nuire than simjile* pro- 
portion to the alte're'd conc<*ntration e)f hyelrogen. This has been 
observeel with unsat urate.d alcohols and unsaturate*d carboxylic aeads. 
Unsatnrated aldehyele.s or ketoin’s, on the; other hand, show neirnial e»r 
subnormal behaviour. 

The; results are brejadly, then, that increase in i;once;nf ratiein of 

^ IVaw. J. Amer. <%tm. Sck., 1923 , 4 $, 1196 ; Doughorty and Taylor, J. I’hy/ftoxl Chem., 
1923 , 27 , m. 

* Proe. Rojf. Soc,., 1921 , 100a, 29 ). 



hydrogen causes a directly proportionate increase in the rate of hydro*** 
gcnation provirfing there are no disturbing factors , and that the 
increase in rate of hydrogenation becomes abnormally large if other 
groups active towards nickel but not open to hydrogenation are present,; 
In other words, the nature of the organic compound has a detcnnining 
influence on the effect of hydrogen concentration 

lly analogy witli results of llideal and Pease on the mechanism of 
hydrogenation of ethylene at gas-solid interfaces the proportionality 
bctwei'n rate and pressure in the normal case is to be ascribed to the 
fact that the extent of association between nickel and organic compound 
IB largo as compared with that between nickel and hydrogen Tlie 
accessibility of the hydrogen to free nickel surface (which will be 
small) varies directly as the hydrogen pressure In the subnormal 
cases it is apparent also that the low concentration of nickel means a 
still lower accessibility of hydrogen to free luckeL surface, the reduction 
It! catalyst quantity being less unfavourable to the more strongly 
associated reactant, the unsaturateil liody Jii tlie case of almormal 
variation with pressure, the abnonuahty apparently lies m the secondary 
asHocialion of nickel with the nnsaturatod body at the second group 
which is not subject to hydrogenation If it be assumed that this is 
a position of stronger association with nickel than the nnsaturated 
linkage which can be hydrogiuiated, it follows that the influence of 
increased hydrogen pressure will be greater than lu tlie cas<' whi'ro 
only one type of association between nickel .ind unsaturated body is 
possible It will need careful and painstaking lesearch to \enfy such 
a jioint of view quantitatively The work of Jaingmuir and ilardy 
previously cited is a beginning in that direction Progress, however, 
may come more rapidly by the study of met hamsm m vapour phase- 
reactions, where, as Pease has shown, it is possible more easily to follow 
the variation of interfacial concentration 


Hydrooknation of Unsaturatko Compounds [ continued ) 

The acetylene linkage. -This is extraordinarily readily hydrogenated 
in presence of im-talhc catalysts With nickel, acetylene and hydrogen 
in the volume ratio of 1 . 2 react so intensely that, with gas and catalyst 
originally cold, sufhcient heat is developed to raise the temperature of 
the nickel to 150° The product is a mixture of unchanged acetylene, 
some ethylene and saturated hydrocarbons, together with some carbon 
as a decomposition product Excess of hydrogen favours ethane 
production. With excess acetylene, complex hydrocarbons, aliphatic, 
aromatic, and hydroaromatic, may bo recovered from the product 
Ross Culbertson and Parsons ^ have studied in detail the hydrogena- 
tion of acetylene to give ethylene. Nickel was employed as catalyst. 
They showed that, initially, a hydrogen-acetylene mixture gave mainly 
' J Ind, Eng, Chrn., 1921, IS, 773. 



jjethane. This they ascribe to hydrogen already adsorbed by the nickel. 
' When such hydrogen is consumed a product cojitaiuing 80 per cent 
ethylene is obtained, the In^st results being given when the hydrogen is 
,:in slight excess of theory. As the acetylene in the mixture is increased, 
the ethane j>rodueed ileeroases and the sum of the ethylene, and 
acetylene increases. The authors showed that both ethylene and 
acetylene will undergo liydrogenat ion at a temperature as low as 
•~\(T C. with an active nickel catalyst, Ihial and his co-workers^ 
found that combination of hydrogen and acetylene occurs wIumi a 
mixture of these gases i.s shaken with colloidal .solution of platinum or 
palladium in wat«»r. With eipial volumes of reactants the product 
contained 80 ])er cent ethylene. l’opj>er is less suitable than nickel as 
a catalyst '■* owing to the formation of euprent', a coinple.v li(jni<l 
hydrocarbon. 

The carbon-nitrogen linkages. Tin* triph* linkage between carlion 
and nitrogen is readily hydrogenated with metallic nickel as catalyst, 
The mtriies yield tin' corre.sponding pnmarv amiru' : 

Hr Nt 2112 H. ('ll.,.. Nil.. 

Secondary reactions occur, however, in pr(‘sene(> of su(‘h a <‘ataly.s(, 
and so a percentage of the product is e<mipo.'<e(l of .secondary and 
tertiary amines \vilh an accompanying formation of ammonia : 

2R.('lf2.Nll2 vfH.t'H^l.NH i Nil,, 

K.cKj.Nir.,! (U.(ii5)jNir^^(ii.,(:(y.,N ( .nii.,. 

The (piadruple linkage lietween earlion and nitrogen present in 
carbvlamim's R.N:(' is hydrogenated at ll>() -180' ui presence of 
nickel. Secondary amines of the type* K. Nil. (’ll., are (he mam 
product associated witli small amounls of otlier amines. 

The isocyanates, K N . (’(), yn-ld at J80 -ItiO' a secondary urriino 
and water : 

\i 

H.N:(’()^ all. lUO i NIJ^ 

CM, 

The water formed reacts with a j>orlion of tin; isocyanate, forming a 
disubstitnted urea (K.NHl.CO and carbon dioxide. The derivativ(> 
of urea is in its turn hydr(»genated, yielding water and a primary and 
secondary amino : 

(HHN . + U/) t R . NH . (’H,. 

The carbon-oxygen doable linkage. -Hydrogenation of the carbonyl 
group, C(3, yields in general the corrcsponriing secondary alcohol 
grouping, (’H.OH, Aldehydes therefore yield the corresponding 
[primary alcohols, with some tendency to hydrocarbon formation. 

^ ^ Ber„ 1915, 48, 276, 1195, 1202. • Compt, rend., 1600, 130, 1659, ^ 
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Tlius at from formaWelmlc some methane results along with the 
methyl alrohol , henzahlehyde Melds some hen/ene and toluene at 
2I0”-2.Y)" in presence oi nickel Aliphatic ketones yield secondary 
alcohols with ease hyiatahtic rediKtion, and theahsence of seiondary 
reaction iirodiuts is remarkable quantitative yields lieiiig frequent 
Aliphatic ketomc ai ids are redin ed to the corresponding hydroKV-acid , 
subsequent (dimiiiation of water mav give rise to the lactone Thus, 
iH'Vulihic acid, at 2M)'', with nickel, yields y hvdrovv valeric acid, winch 
IS iiniiHsliately (onveited to valerolaelone, 

Clli.CO ('ll., CM. coon vOll, t'lf ('ll, on, OOllLO 


Aromatic ketones do not v leld the sM'ondaiv .ihohol but, on the 
contrary, the ( onesponding liv'dnn arlion The qiiiiioin's are readily 
hydrogenated to the coiresponding dihvdro(|Uinoiies 

The benzene nucleus. \s is wi-ll known, the lediiction of the 
benrene ring to moie sitiirated (vdie prodints is < onip.ir.it ivcIm a* 
difliciilt o|)eratlon bv oidinarv organic pio( esses Tims, with livdiiodic 
acid as lednung agent, ben/mie does net vidd <\(iohe\ane but the 
iHoineiK mi'tliv Ipent.iint th\ leiie boilinii at fi'l With (he higher 
hvdroeaibons, a (ertain (|iianlitv ol open-diain aliph.it. ( hvdioi .irhotis 
alw’ays lesiilts Aloieovei ,siidi a pioie.lnie is not applnahle at all to 
many of the hen/ene deiivatives siidi .is phnioi or .niiliiie Sodium 
amalgam and hvdiiodn .u id h.ue lie. u ini|ilo\ed with smeiss, 
however, with .uidii l)en/ein‘ deiivatives 

The ii.se of mel.illn i.it.dvsts h.is provid.d ,i method i.ip.ihle of 
f.iirly general apple ation to fin livdiogeiMtion ol (he lieii/em lindens 
According to Sabalnn it is iindoiihtedlv the must imporl.iiit of the 
operations that. lediued nickel li.is rendeiecl po^^|hle in sMillietic 
organic’ ehemisti} At tc'm])eratiiies m the iieiglibourhood o! 180° 
fhc' aromatic niic’h-us miiv readdv be hvdrogen.ited m picM m.- o| nic kel 
withcmt isomerisation of the products or piodiiclion of secondarv 
rc'aetions, and with thendorc’, practic.div quantitative vields 

Karlv eKperiments of l.imge and Aknimf) ’ had denmnstr.ited a 
partial hvdiogeimtioii of lien/eiie to c yelohevune in pic'em e ol pl.uinum 
iiluck at the* orditiarv tc'tnpeialnre, or. beltcw, .it liKI Ihill.idiiun 
sponge’ cm the ol her hand, viddc-d c vc lohexene C,,ll,o The composi- 
tion of the products was clediieed from the' eontraition in volume of 
the gasc's and is tlic-refore uneertain The catalvtie aetivitv of the 
metal also ra[>idlv dimimslic'd 'riie work of S.ihatier and Sendc’rens 
demoiist rated the elhcienc’y of the lediicc'd nickel e.italv'-t 

Thus, at tc‘m[)eratnres above 7(C bc'ii/eno was direedv hvdro- 
geiiated to cyclohexane The vdocitv of reaction .ctlained a maximum 
III the temperature interval 17U" 15)0°, and in this ramie tveluhexane 


Ztil'-rh nnorg C hrm , 19CH>, 24, 1111 
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was prwliiml practically quaiititativoly with a single passag<‘ over the 
catalyst, no react ion.s occurring. At higher temperaturea, iiioro 
c.spccially above some methane was produced and carbon was de- 
posited in small ainrmnt on the nickel. The higher homologues could 
similarly be treated, yit‘lding the correspomling hornologiu's of cvi lo- 
hevane. Jf, ho\vev(*r, the sub.^tit uent group were comj)le.\,as. for example, 
•‘tliyl, propyl, butyl, etc., a ci'rtain <|uantity of a lower homologue of the 
saturated six-niembercd ring was simultaneously produced. Thus, for 
examplt\ Irom ethyl benziuie. in addition to <‘thvl cvcloIn*.\aue, methane 
ami metliyl cyclohexam' pr«)<bne<l. whilst from propvl lauizene 

i)otli methyl and ethyl cycluhexmie resulted, in addition to the pro]»\d 
cyclohexane. A liigh reaction teniperatun* lavours this dissociation of 
th(“ rnoh'cule into .simpler components, so that, in general, a tem[)eraliire 
not higher tlian ISO is emplovcsi. 

An attempt was made by DougluTty and Tavlor ^ to gain some 
insight, by kinetic mea.sureiin'iits, into the rihrhanisiu of the catalytic 
reduction of benzene to hexahvdroben/c in*. Tin' rc'sults indic'ated that 
tile reaction does not occur at all act'ording to the stoichioinetrie 
ccpiation. as calculated from gas concent rat ions, but at rates getverned 
by the distribution of the reacting materials la'tween tin’ catalvst. and 
the gas phase'. Tin' trend of the ri'actioii with ehange of temperature 
was stiidieil. It was found that, alaoe, 230' ('. (jininl itativ’c*- yii'lds 
lould no longer be (»btained This has al.so bern found Iin Pease' and 
Punliim “ with eoppe'r eataivsts The'se* can Ih' made reactive in tho 
.synthe-sis, eonfrury to tin* statements ol Sabatn-r as tf) the Hbse'in'e* of 
eaialy.sis with copper I In' de'Mations from complete re'aetion above 
23t) with iiK'ke'l suggests that tile- ealaly.se'd re'ue'lion mav in' tin* forma- 
tion of dihydrobe'iizeiio, whndi is then further satnrate'd in the gas 
})hase-, Water va}eour in small amounts, up to 2 per eemt of the 
hydroge'ii volume ii.se'd in tin- re-aetioii mi.Mure. had only a slight, 
dejiressing clTe-et e)n the reaction vcloeity, Carhon monoxieie* in small 
amounts, alfout 2 jeer ce-nt of tin* hydrogem volume', had a very markerl 
lieii.seiniJig e'jfect. jiarticulariy at hiw tempe'rat lire's of lOO e»r under. As 
the reae'tion temijxTature was raiseel tin* jKUseuiing was hvss noliceiable. 
In large epiantitn's, howe‘ve*r, aronml .’»() per ceml e>f earhim nnumxieb^ 
tinj reaction wa.s eejnipletely sf<»pped at ItSO . Hexahyeirohe'iizcne, at 
low teinpemature', ilK) or h^ss, had a elepres.sing e^ffe'ct on tin- re'aetion 
velocity. This effect disa])peared at higln-r temipeTature's, in the 
neigh bourlmod of 180". From experiments at 80^ anej itU'f'. it, was 
shown that the temperature coeflieient of tin* reaction measured is 
approxiruatedy 3-1 ; l-U or l't>5 jier 10 degree; rise*. This is evide'utly 
the tenijierature ceMdlicient of a chemical reaction a.s opjjose'el to that 
of a ditfn.sion jeroccs-s. Pca.se ainl Piinlum .show' that be-nzeun* fiepre'sses 
the; reactiein velocity on cojipcT catalysts. 

Ihe reversibility of the hydrog<*natiou proce^sses eb;alt with in theso 
‘ J. Physical Chem., iy2,3, 27. 533. » ./, Am^r. Chan. 1925, 47, UOf, 
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pages 18 most apparent in connection with the hydrogenation of the 
aromatic nucleus Elevation of temperature fa\'our8 the reverse re- 
action, so that, as the temperature is raised, the yield of hydrocarbons 
of the cyclohexane senes diminishes At temperatures above 230® the 
hydrogenation of the unsaturated bodies practically ceases, the reverse 
reaction comjiletoly prodormnating. Elsewhere in this book tiie de- 
hydrogenation jirocesses receive a general treatment, so that further 
comment is not neci'ssary in this place beyond the statement that a 
study of the equilibria in such systems offers a profitable field of 
investigation for the jihysieul chemist interested in the application of 
jihysico-chemical measurement to synthetic organic processes 

Substituted benzenes with unsatnrated linkages in the side chains 
are, naturally, converted by eatalytie hydrogenation into the corre- 
sponding fully saturated hydrocarbons of the cyclohexane scries Thus, 
phenvl acetylene, CjjHj . C CH, yields jiraetieully exclusively ethyl 
cyeloliexane. 

Hydrocarbons contammg several aromatic nuelei are transformed > 
into the corresponding fully saturated coiniiounds Thus, diphenyl 
methane, CTIi,(C„H 5 ) 2 , yields dievdohexyl methane, ('H 2 (CJf ,,)2 
Diphenyl, (t^Hj . f VI;, yielded to hiykmati ^ tli(' ( ompound . C,jHjj, 
phenyl cyclohexane Sabatier and Murat ^ obtamed the saturated 
product, ( flH,j 

Catalytic hydrogenation of tin' phenols, using nickel, occurs readily 
in the temperature interval 180 '- 22 (C The eorn'spondmg livdroxv- 
(lenvatives of the cyrlohexanes ar(‘ oblained Thus, phenol yndds 
cyclolu'xanol with small ipiantities of cyclolic\<iiioiH‘ The ojieration 
IS, however, more diHieult with |)ol} phenols, since the temjK-rature, 
limits in which tin' reaction can be elTeeted are narrow If the tem- 
jierature is too low, reaction velocity is small, whilst at more (devated 
temperatures decomposition of the molecule ooi urs with pioduetion of^ 
phenol and benzene, which then hydrogenate normallv Derivatives 
of plienol such as anisol, ('(,Hr,() ('ll.,, may be bjclrogenated below IbO® 
Aromatic alcoliols are nut susceptible to catalytic hydrogenation 
without rupture of the molecule Thus, henzvl alcohol vields toluene 
and methyl cyclohexane in presence of nickel at l.'M)" 

Aromatic amines, HvS, for example, aniline, C^^H- Nil., vield the ■ 
cyelohexjl amine with simultaneous formation of some ammonia, 
benzene, and cyclohexane, in addition to the formation of .some 
derivatives of the secondary amine, ((JgH^ljNH Secondary alkyl aryl 
amines are readily hydrogenated in the aromatic nucleus at 16()'-18U® 
thus methyl aniline yields methyl cycloliexylamme 

With aromatic acids the catahtic activity of the nickel ceases after 
a very brief interval, as was shown by Sabatier and Murat ^ By 
hydrogenation of the esters, however, with subsequent saponification 
those authors obtamed an 80 per cent yield of the hexahydro-acicl 
1 Chm WeekbJofi, 1903 , 1,7 * Campl. rend., 1912 , 184 , 1390 • lb\d , 923 
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Miscellaneous ring structures.' The hydrogenation of ring st nicturea, 
other than the aromatic ring, follows the same 'general principles as 
are outlined above for the benzene derivatives. The stability of the 
saturated ring, however, determines whether the end product is ring 
or open chain. Thus, cyclopropane yields propane. Cyelobutene gives 
first cyclobutane and then by further hydrogenation yields butane. 
(^yclo])enta(iione yudds eyelopentane. f yclohexene and cyclohe.x.adjeno 
both yield cyclohexane. 

Tetravalent terj)cnes lix two molecules of hydrogen. The divalent' 
terpenes fix one molecnih*. Thus, Iiinonene, iinmlliene, and cyiueno all 
yield menthane. 

Naphtlialeiie yields tetrahydronu|)hthalenc‘ with nickel at 2(K)'\ At 
175'^ the hydrogenation may pr<)cee*l further t(> deealiy^lronaphtlialene 
or naphtliane. Similarly, the uuphthols yield the eorresponding de<'a- 
hydroiui))hthol.'<. With anthrueem*, iikrw'ise, the hydrogenation is the 
more eouiplete the lower the temperatun' at wliieh the reaction is 
conduoted. 

(.''onsideral>le technieal dev(‘h)pnient has occurred recently in the 
hydrogenation of naplithalene, the ])roduets tetrahydrona))hthaleno, 
dccahydronuphthalene, and a mixture of tlu' two, markiai as “ Tetralin 
K.xtra ", have become familiar in the hut few years. A factory of the 
T(‘traliu (l.m b H. at Hodleben, near llreslau, has a plant with a daily 
capacity of 120 tons of the tetra-derivativc. The technical problem is 
largely one of puritication, the removal of 1 hio-bodies from the material. 
Tins \s att(‘Mipt('d by a process of adsorption from the fused naphthalene 
by such agents a.s luller s earth and kie.s(*lguhr, togetlur with an alkali 
metal or even with spent iiiekel catalyst. The, hydmge nation process 
is carried out in fused naphthalene, at a temperature of IHt) -200’ Cl. 
under a working jiressur** of lo atmospluTe.s of hydrogen, a supported 
nickel catalyst being used. The hydrogenated products have found 
use a.s a turpentine sub.stitute and as .‘solvents.* The tetrahydro- 
dcrivative appears to be a promising material as starting-point for a 
new aeries of dyes. A very complete study of the liydrogcnatial 
na})htlialenes has been given by Schroeter.- Hraun and Kirschbaum ® 
have extended Schroeter’s studies to the hydrogenation of imlene and 
aecnaphthene in the pure liquids witli nickel catalysts. 

Heterocyclic compounds may be reduced iii presence of nickel. 
Pyrrol give.s a 25 per cent yield of pyrrolidine. Pyridine is only 
slowly reduced, but yields 0 [>en-chain compounds and not pipijridiiic. 
Quinoline gives an excellent yield of tetrahydroquinoline. 

Hydrogenation with Rupture of the Molecule 

/ As exemplified in several instances cited in the previous sections, 
^hydrogenation in presence of metallic catalysts results in a rupture of 
^^Yollmaua, Farben-ZtH., 1919, 2i 1S89. * Annakn, 1922, 4t6. 1. * Ber., 1922. 49, 1S80. 
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the iTH)lt*ciiI(‘ m addition to hydrogenation of the moleeule and of the 
prodiutH of the nijiture Tiius there is a general tendency for long- 
cbaiii hydroiarbons to break down into simpler molecules during the 
hydrogenation process Similar behaviour was noted with the sub- 
stituted benzene hydrocarbons The pioduction of hjdrocarbons other 
than ethane in the hydrogenation of acetylene is to be attributed to 
the same cause, the setting at liberty of the two laduals leading to 
combinations of various foims Sabatier and Sendeiens, by treating 
acetylene with hydrogen in ])resence of nickel, obtained as much as 
20 c c ot a clear yellow Inpiid (pnte comjiarable with natural ]K‘troleum, 
})osses8(‘d even ot a slight pliosphoresceiiee as is usual with the natural 
product, and in which higlit'r saturated hydrocarbons, such as pentane, 
liexamn lieptane, octane, nonane, decane, ('tc , were all jircsent lly 
stiitabh' modilieations of the amc/us ojurundi, yields of Inpiid ( mild be 
obtained with [uoperties coiiesponding in dilfeient .samjih's with tlie 
various petroleums liom different oil-bearing districts The diileient 
ty]H‘S ot oils W(‘ie produced with such succ'ess that Sabatiei suggested 
the theoiy that many sue h natiiial oils had been formeil in sm h maiuicT 
by catalytic action ol nn'lals on nnxtiiies of gascss m the earth s inteiior, 
This woik forms an iinportanl (ontriliiition to the subject ol the oiigiii 
of pc’troleiim oils ' 

The anhydrides of fat tv monobasic’ ac ids rii[»ture when hvdiogenated 
at IHO and vield an acid and an .ddeh\dc' 

(R I II. - R coon > R Clio 

The latter is, natnially, p.crliallv reduced to the c ories|Htndiiig alcohol 
111 tlie jiroU'Ss 

Ilydrogcmation ot efheis is dillic nil c atal\ ticallv but wiicui con- 
ducted above 2r)(l rupture occuis, Melding the hvdiocailion and 
alcohol coriccsponding, the lattei ifscll lieing further ruptuied in jiarl, 

(tyi^l.t) 1 11. -V (Mi^ , cii, ('ll, OH, 

('ll., CH. oil (TI, Clio , 11 ,_'chJc04 H, 

The action in the case of alko\y-deiivativc‘s of ben/cme has alrcaady 
been cited Relow raC they hydrogenate normally in the nucleus 
A certain amount of rupture simultaneouslv occurs, yielding cyclo- 
hexane and the aliphatic alcohol Above d(KC, howevc’r, no hvdro- 
genation of the nucliuis occurs, and the produet.s aie phenol and the 
aliphatic hydrocarbon or ben/eiie and the aliphatic alcohol 

CVl5.0R + H*-->cyi5 OHcRH, 

C;Hj01UII,-->CVH«-fR()H 

Numerous example's of rupture of nitrogen-containing compounds ' 
have already been cited 

1 iSsbatu-r and Sendmm nnd., J8911, 128. 1173 , ISWO, 131, 187. 2C7 , 1902, 134, ’ 
1185. 



Selective hydrogenation, -'riu' term selective hydrogenation may 
be used to indicate the preferential saturation of one or more double 
bonds in coinjaninds containinfi several unsaturated centres Several 
e.vamjiles of such selectivity have already been discussed. Thus, un- 
saturated ketones may be catalylically converted to the saturated 
ketone without simultaneous reduction of the ketonic groiniin^. Un- 
saturation in a side chain may be reimu cd without hydrogenation of 
the benzeue nucleus. Tie* )»roblem acijuii'cs both theofi'tii'al and 
technical sij;niiicance wlien reference is made to the sel('ctive liydro- 
genation of ethylenic bonds m lonu hvdrocarbon chains. In the 
hydrogenation of oils the jios.Mhility exi.vts of tin' conv(*rsion of tlu' les.s 
saturated glyccrnb's of linoleie and linolenic acids into glycerides of 
oleic acid Indore tin' latter arc t r.insformcd into stearin. 

Taul and Ins co-\\orkersd in their studies of catalytic hydrogenation 
in |ir(\>eiua' of the colloidal |ilalinum metals, showt'd that such a sti'p- 
wise reduction could In' achievi'd in tins manner when tin' two lioiihle 
bonds in tin* compouinl wen* separated l»y mon* than two carhon 
atoms They showed, on tin* other liand. that, with a system of 
conjugated linkuge> ( ' . (' . (’ no selcctivi* lisdrogc nation occurred, 

the conijiletely saturatcil product hcing ]>roduced, 

H K ,M<n)n‘. Hicht<'r. ainl \an Arsdcl.“ fnuii a study of the rate of 
hydrogenation of «'ottoM-.>eed oil. coiieluded that tin* j)rt>c(*,ss was 
sehn-iive. liiiolein passing to olein bef«>re any ajipn'eiahh* amount of 
<tlein was li\ drogeiiated. llilditeh and (’ W. Moon*'* showed, hy 
analvsi-' of samples withdrawn at intervals from tin* liy<lntgen(ition 
s\stem. that, in a wnle \an<‘ty of oil^ (cotton-seed oil. (*lh\'! esters of 
cotton-si'i'd oil acids, maize, soya bean, ami linseed oils), bydrogenated 
at ISO (' with nickel and. in some eases, wilh <op|>er catalysts, the 
amount of .saliirate<l derivatives pie.s<‘nt <loes not sensibly men'asc 
until the amount of linoleic <lei]\iili\es has fallen to Mt per cent or h'KH 
of the mixture, f \irrespondinglv, the percentage ol oleic (h'nvatives 
increases at the e.xpens** of the Imoli'ic compounds up to the same jioint. 
The free fatty acids from ('i»t t,on-se<*d oil constituted an exception in 
which i)ie hydrogenation was only partially h»*1cc1ivc. Richardson, 
Kniith. and Milligan^ have recently contirnieii this conclusion w'lth 
coti<iu-sccd oil in presence o| iinlo*!. using a m-w im’tliod oi analysis 
of the various ]»roducts. They find the selectivity ol the liydrogi'iiation 
proct'.ss to be more marked with increasing amounts of catalyst and 
with increasing temperature.s uj) to an optimum in tin* nciglibinirliood 
of (A More n'ceutly''* the same aulh(*rs have shown that with 
marine oiks, such as menliu<lcn or wliale oil, the more liighly unsaturated 
glycerides are liydrogenated without formation of substantial fjuantitioB 
of completely saturated bodie.s. An abrupt change occurs at. an iodine 

^ Uif . lUl 2. 45, 2221. ' J. InA, Kn-j. Chm., 1917, 9, I.'IJ. 

* ./. SfK, ('hfin. Ind., 1923. it, 1.5t. « J. Jnd. Enj. them., 1924, 16, 519. 

^ J. tnd. Eng. Chem., 1925, 17, 80. 
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value of a|)])roxiniatc]y"H4, at wlii(,h nearly all the e.ster*^ of more than 
two double bonds have disappeared Below this eritical point, hydro- 
genation results both in the formation of saturated acids and in the 
conversion of CgQ and ('22 acids containing two double bonds to corre- 
sponding acids of one double bond Here, evidentlv, the jirmciple of 
selectivity is only jiartial One may venture as a jiossible explanation 
the view that the members non-selectively hydrogenated may have a 
eon]ugat(*d double bond system, as indicated earlier in reference to the 
work of Paal 

The several facts disclosed by these researches indicate that the 
relative extents of adsorjitioii of the more and less saturated corn- 
pounds IS one of the factors whuh determines the selectivity of the 
hydrogenation process One would (oneliide from the ncsults that the 
more highly saturated glycerides are preferentially adsorlied to a 
marked degree, especially in the lower temjieratiire interval As the 
tempi'ratiire rises beyond 2<X('- (' this jireferential adsorption becomes 
less pronouneed FiutlnTinore, jireferential adsorjitum should, from 
thesi' nvsults, he less maiked in the case ot the acids than in the case 
of the glyeerides While ijuantitative data on selective adsorption m 
liquid systems of this kind aie almost entirely lacking, the conchisions 
cited are to be anticipated fiom adsorjition studies in solid-gas sv sterns 
There is a fruitful held for mvi-stigation heie, jireferahly with simpler 
unsaturated svstems than are the iiatnial oils 

Kideal ^ lias studied tin' relative late.s ot li\dr(tgenation of the 
sodium salts of (iiinamic and jdienyl juojaoln auds m prescniee of 
juilladmm sol jiroteeteil l)y gum arable lie Icmnd tli,it at low' sol 
concent rations, tlii' plnmyl iirojiiolate is liydiogenated at apjiroxi- 
mately twice the late of the i mnamate under the same < xjH'iimental 
coiulitioiis This suggests that the salt is not desorbed from the 
sol surface until eonijiletely saturated and that the |•^o|)lolate takes 
up two liyilrogen moleeiiles m the same time as the einnamate takes 
up one, 

Armstrong and Ililditch have recently indicated - the variahihtv of 
the selective nature of the jiioeess with dilferent organic molecules 
Cimiamie aldehyde is hist hydrogenated to jilieiivl pnqaome ahhdiyde 
This latter is reduced, but not as rajudly as it is formed Phenyl 
projiyl alcohol and the corresponding ether are the mam jiroducts of 
(lie seoondaiy reduction Cinnamic alcohol is a quite minor product 
of hydrogenation 

^'avon •* has shown that, m presimcc of palladium black, carvone 


/CH-CH. 

Clk.C': >CH-~C 

^CO-CHj'^ 


\ 


OH 2 

CH 3 


' ’Iraiif Farad Soc , 1023, 19. 90. * Chennr fl /«</, August 12. 1024 

’ Compl. rtnd, 1911, 163, 68 



' HV1)R0(JBN ANI) Mt>ROQF.lSrATIO^ 

is t raiisfornuHl by hydrogen into carvotanacetone 

,(’H ( H. 

CH3.r( \'\i - 

N’O rif, 

then into tetrahydro-rarvone 
t’Ha 

com/ 

and tinallv into the corresponding secondary aleohol. Armstrong and 
Hilditeh observed the same nauium with nickel. They also have 
shown that citral. 

(’H, 

gives, first of all, citronellal, 

ni,, 

f'no. 

f’H, 

Subsf(pient hydrogenation is cliuraetiTised by a predominance of the 
rediu’tion (*f the uldeliyde group with formation of (il ronello], winch 
isoinenses for the most part into isopulegol, which is t hem hydrogenated 
to menthol. 

The hydrogmiution of carvone (lill'erH then from that of citral in 
that, in the one ca.se, the ethylenn- linkagi* adjac<*nt to the carlumyl 
gnni}) i.s the first to bcattaekial, whilst m the other ease the ojtposite 
IS true. In addition, the carbonyl group i.s the last to Ix' attacked in 
carvone; in the ca.se of citral it di.sappears before tlu'sccoml ethylenic 
bond is hydrogenated. Here, ar«‘ mtere.stmg prolileni'^ m orimited 
adsorption, or in bond stability. 

Vavon and his students have multij»li«*d sueh eases of selective 
hydrogenation. They have studied the distribution (»f hydrogen be- 
tween two un.'^aturated bodit'S ami between un.satuiated groups in tlio 
same com[)Oiind.^ The method of experimentation lias in each casi*. 
been tlie study of the rate of liydrogenatiou in litjuid .sy.stmn or in 
solution, using colloidal platinum as catalyst. Jiecently, Vavon has 
summarised hi.s researches ^ with a view to showing that, tlie phenomenon 
of steric hindrance, familiar in esterification, addition of bromine to 
organic molecules, and the reactivity of oximes, is also operative 
in catalytic hydrogenation. Thus, in the distribution of hydrogen 

^ Siv, for V'fivon and Kleiner, (’omfjt rfnd., 1923, 176, 401 ; Vavon and tluafloti, 

Compt. rend., 1923, 178, 9S9 ; V'avon and Ivanoff, Compt. rend, 1923, 177, 453; Vuvon, 
Compl. rend., 1910, 150, 1127 ; 1911, 162, 1075 ; 1911, 153. CS. 

» Hei. Oen. Sci., 1924 . 86 , 506 . 
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bctwe<‘j) an cthylonic hydrorarbon, (* 7 Hi}. on ibo one band and eitln'r 
pinene or undeeylenic, and on the other, tlie nnwitiiiated livdrocaibon, 
IS progressively less hydrogenated as we jiroeeed from eth}l 
projiyl ethylene, the straight (ham bodv, to tnmeth}! ethyl ethylene 
Hinular results are obtained with tmnarnie acid, the a- and j8-iiiethyl, 
and the a-diinethyl eiiiiiarnie acids 



( HAITKR IX 


nruvinuM.KwrioN 

('ATVLvrii' methods of climinaimf! liydropoi from oreaiiic comi'oinidrt 
ha\i' hecome im|>o!laiit m two hranclies of industrial chrmist ry. vi/.. 
t he |>rci»ar<iti(m (tf aidehv<le>i fium al( ohols aei ordiiijj; to the e(juatioiis 

, ( iL oir i 11,,, 

t'H, oil,. ('HO 1 II,,. 

and the eraeknif: of h\droe.nfioiis into fractions of l(»\\er hoihiie point, 
(' (I pa r.i Hills into petrols, lipiom, hen/ene and ot]h*r aroma he polyi'Nadie. 
hydroearhoiis 

!'r(*( esses of I'ataKtie livdroe<>nat ion are usiialls' reversihle ; indeed, 
this is so in all eases where the piodiiets nmiain m the same phase 
diinne hvdroecnation or di hydioemiation 

Thus. l)en/,ene ean he toiueried into eyehdie.vane hy hvdro|,fena- 
tion ov(‘r reduced nn kel at TO -‘JitO At ‘JTo -'J,SO <welohe,\ane 
uiidiueoes dehvilroj»enat loll to hen/ene in presence of the same catalyst. 
We may thus c(msi<ler the react mn 

('ji, 

as strictlv n'versilde. 

In tins and in many other cases (lie process ol hydropmaliori 
])roceeds most rapnlly at low temperatures, the ^•(^uihllrlmn aimmiit of 
the iinsaturated compound hcin;,. ncglieihle at lie* usual temperatures 
of operation. 

With eli’vation of tlie temjierat lire all the eompommts of the 
system are usually jire.seiit in sullieiently lar^n* amounts to he i apahle 
of mi'asureinent, and it is piaclieally certain that m the hydrof'enatioii 
of benzene below 270 tlie eijiidibnum constant 

1^6^ ^12 1 

could be arrived at from either side. 

Dougherty and Taylor^ attempt<*d to evaluate this erjuilihrium 

‘ J. PhyiKul rhfm., l»23, 27, m 
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roimfant at various ti'nijHTatLres with niokol catalysts but obtainei 
no satisfaitory data. Zcliiiski and Pawlow ^ used jilatmiscd a.sbcsto! 
and palladium They showed that dehydrof'enatioii of cyclohexam 
was aireaily marked at I.'IO’ C ami that the action becomes rapidly 
more marked as the temperature rises Platinum and [lalladium are 
siijienor to nickel for the purposes of an erjuilibniim .stiidv, .since the 
authors note that no deposition of carbon oecuns even at 408" C 
Zelinski .showed that the dehydration wa,s selective, m that other 
saturated cycln hydroiarbons could not be dehydrogenated Thus, in 
a mixture of cyelohexane and cyclopentane only the former under- 
went the dehydrojfeiiation process, which could therefore bo used as a 
metbod of separatiiiff .such bodie.s Zelin.ski has a[iplied such proeos.ses 
of dehydrogmiation to a study of the eomslitiienls of the naphthenes m 
naturally oec iirnrig petroleums, and lia.s shown that natural najdithenes 
ol petroleum are mainly cydnal but are not he\ah\dioaromatic 
compounds “ ('yelohexane .ilways yields a vdiyiiio amount of methane 
when undergoinf{ catalytic didiydroeeiiation 

-> ‘2(;il<j-<)('ffj, 

whilst tm'tlianc resultin'; from the hvdroeen.itioii of (miImim monovide 
at 18()’-2t)(l ill the juesence of reiimed mekt I (ommemes to undergo 
dehydrogenation with the deposition ol cirboii at d.'iti 
('11^ -V C I 211, 

Owing to the low vapoiii piessiire of eaibon at these teiiqieratures, 
reliydrogmiation oi the deposited eaihmi does not posetd on lowering 
till' temperatiue to 2(MI . and pra'tualK (onipbte removal of the 
methane may la* eifei ted 

The rever.sibility ol the hydrogenation pnxos e\en in the I'.ise of 
fatty oils, IS indieated by a patent to Le\e\,'* wlio < lamis dehydtogena- 
tion of such bodii'S by subjecting them to tlie .letion of a latalytic 
agent m the vapour pha.se at tompeiafuies exieedmg those under 
winch hydrogenation is aeeumpli.shed Normaiin * lias lontirmed this 
behaviour, w Inch oeeiirs even in the presence of livdiogeii although 
better results are obtained by u.sing a current of another gas, jire- 
ferably carbon moiio.v:ide Normann suggests that these results aflord 
a po.ssible evplanation of the diHiculty ot redneiiig the iodine numher 
ot an oil to zero by catalytic hydrogenation and of tin' a[)pearance of 
new' uinsatiirated acids in the oil-hardening proces.s, owing to the 
addition of hydrogen atoms in one part of the moleeiile and the sphttmg- 
off of others elsewhere ® Brochet records anomalous lesults with ca.stor 
od,® which mdicate that the same phenomenon may occur with this oil 

' Her, lll.’S, 5S, ICW Sfi' fiNo Zi’Iinskt, Her, lllll, 44. 3121 , 11)12 46, ,3li77 
“ Her, 192.1, 59 787, 1716, 1718, 172.1 I' S P 1374589 

* ('hem imwhau, 1923, 30 , 3, J Hoc Chtm Iitd, 1933, 42, 149\ 

®Si'c(' \V Moon,./ Hoc (hem /miI , 1919, 38, 320t , Hitditch and (' VV Moore, d Hoc. 
Vkim InJ , 193 J, 42, 15t " Bull Hoc. Chim , 192J, 33. 626 



ThK PhKPARATION of AlOKHVOKS from ALrOHOLS 

have almidy noted that, in the preparation of forinahh'hyde 
from methyl aleoliol, the initial stage of the reaetion is a proci'ss of 
deiivflrogenation : 

but, owing to the faet. that all catalysts hitherto eiujdoyed to bring 
about this reaetion gradually lose tlnur ai'tivity, for s»)me eausi' with 
no satisfactory ex})lanation as yet, the preparation of formaldehydt' 
has ))een transformed into a fractional combustion jirtK't'ss. The 
Ingher alcohols of the ahjihatic series, as well as aromatic alcohols. <’an 
likev ise undergo conversion into ahh'hydi's witli elimination of hvdrogcn 
in the j>rcscncc of catalysts, and as such catalytic materials d<t not 
ajipcar to lose their activity apprcciuhly even with ])rolongcd running, 
the technical dcvelojunent of such pnu'csscs has been possible 

The dehydrogenation of pntnarv alcohols is a nnersibh* action : 

H.ClIj Oil K Clio ‘ II.,. 

Ilydrogmiatiun of the aldehydi' in the prcsimce ot rcducetl nickel 
proceed.^ rapi<ilv at IH) in the case of the alipliatic comjioiiuds and 
lii'low 2‘V> for aromatic ahh'livdes. 

ItuliMp has shown that willi ethyl ami isopropvl alcohols the tic* 
hvdrogenation c(|Uiltl>ria tan hr faiily satisfactorily detminincd at low 
pressures of th<‘ gaseous svsttMii. and that tlie nssiilts ohtaim-d could be 
utilised to c\aluatc tlie thermal <lula btr tlie reactions. Tims, for llie 
(lelivdrogeiiat ion of cth\l alcolud a value of All ll..ttKi cals, was 
obtained, in fair agreement with <lala from lh(‘ heals oi combust ion of 
the organic sulistanccs. 

At liigh tcm[)craf arcs, however, two other important .side reactions 
proceed w’llh nieasurabie \elorify, lending to hnver the \icld of 
aldehyde' : 

{(i) The formation of saturated liydrocarbons by elnmnalion of CO : 

R.CIIO^^^KII iCO 

Ib'low ,‘KKi'^ onlv small amounts of hyflnicarbon are obtained with 
the aliphatic aldehvdes, hut the loss due to this reaction is usually 
somewhat higher in the aromatic senes. 

{h) Deliydration of the alcohol with the formation of unsaturated 
hydrocarbons : 

U . CH., . CHa . OH ^ R . OH : f’H., 4 H,0, 

a reaction which proceeds fairly rapidly at RJO' in the jircsence of 
catalysts. 


Prrjc. Roy, Soc., 1921 , Wa, 
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The employment ot metallic catalysts m the preparation of aldehydes 

— III file conversion of ethyl aleoliol to acetaldehyde metallic copper 
ohtaiiK'd by reduction ol fused copper ovule, gives (he most satisfar tor) 
icHiilts Formation of aldehyde can alnady be obsei\ed at 2U0\ but 
till' ojitimiim temperature for operation lies in the neighbourhood oi 
hKt' with a jiermi.SHible latitude of eoine 2(C At 120'' more than 
16 ])er cent of the acetahlehyde is converted iido hvdrocarbons With 
relatively low H[)ace velocities (aim 2()()) a 20 pei lent conversion can 
be elleitod at noimal tem[>('ratures of operation The lesiilting 
mixture of aldehy<le and alcohol \ni[ioiu mivetl with hv’drogen and a 
v( ry small (piaiitity of aldelivde r onileiisalion proilmts are passed to 
a relativelv large eop])ei fra* tionating eolumii wheme the alcohol 
can be reioveied and returned to the pieheater situate in front ot the 
(atuhst tubes 'I'lu' ahhdiyde and hydrogen recovered from the 
middle sertloii ami top of the dephlegmatmg (olumn res|)ecti\elv are 
]irat til all\ pure It is said that the i onversion ol alcohol into aldelivile 
by this mi'ans is attended with a loss ol well below It) [lei cent when 
the due jireeailtioiis are taken as regards teiiiperatiiie eontiol 

Propel, biitvl, isobiitil, and isoamvl ahohol undergo similai pro- 
( esses ol deh) drogenation with lorniatioii of the nspeitivi aldeli\des 
at t(Mn|ieratuies vaning between 22tl and .'itHi' m the piesemc of 
metallic loppei Ihmveault ' (ites the dehvdroeenatioii ol dei vl 
alcohol. t'li^lC, Oil under led'ued pK ssiiK b\ siiiul.ii nu ails 

The most thoiongh stiidv oi the deh\ diogeiiation [iroiess at a 
( upper Miirlai e wit h a seinss of t he •'at mated ah olnds has bemi made by 
Palmei and his assoiiates“ 'I’he outstanding lesiilt ot this woik is 
that, on a given cataUst, the rates ol di li\diug( nation of the pnmarv 
alcohols, ethvl, ])ro|)\ I, biitvl, isobiitv I and isoamv 1, aie .d| ( ipial within 
the limits of evpeiimeiit.il erroi and the tenipeialuii' (oetlnieiit 
IS lh(‘ same )oi all Secondarv piopvl ahidiol leaits with <1 veloeitv 
about live timesth.it ol ihi' pnmaiv ahoholsand has a shglitlv higher 
temperatuie coellicient 'I'lie lesiills, taken in (onpimtiou with the 
probable assumption that the aitivated Liver of molei iiles is um- 
niolei iilar. show that these .ihohols are .idsorbed with the CH,()H 
gioiip in contact with the copper surface and the hvdniiarbon chains 
perpendn iilai to the surface Constable m the List ol the .Muies of 
these lesearihes, shows that the icaition veloeitv at 2")t» C wiih ethyl 
and butyl alcohols was independent of the pie^siin in the range 
K)-lt()cm of mercury It is evident tlurefore that, m this pre^^ure 
range, the surface is practicallv coveted with alcohol niolei ides and 
the mean hie of the molecule in tlm aitivated ummolemlai Liver i hanges 
only slowdy with the pressure over the range mvcsrigated 

The investigation of this reaction has been extended bv vSabatier * 

' null svir r/itw , mos 4 , t. in, li') 

•’ ffov .SV, I'L’ll. 981, H, lyjl. 99i 412. 1922,1011 ITS I<l2(, 108i 2 j 0 , 
11)25, t07A. 2.55, 271). 27. ’ Ixh < Ae« /'Ai/, , lyo', 8, I, 4li7 



ix I)EHVDttOOENATiq|l - ^ 387 * 

mid by liouveault ^ to M-roiidarv aliMihols of tlie alipliatir sorioji ua well 
as to a certain iiundn‘r of arojiiaUc alijifiatio derivative's, 

ONsinjz to the' fart that the krttiii^'s ]irr|)arrd liy the* d('li\ drojrrnation 
of tlir st'roiidary alcohols, arcordinjij to the j^i'iirral reaction 

H 

('ll. OH > roiH.., 

10 10 

an- iiKtn- st.ihlc than the cot n'sjunidiicj aldi'hyeh"^. 

If If' 

CO .»r CO. 

H 11 

icmorrat uics hiu^lu'r than .‘J'Xt cin iisiiallv be aeloplcd, n'sultiii^ in a 
tnon- cth'<ti\c conve-rsuni of rdcediol into ke'ioin* by oiu* j>assa(.^e oxer 
the catalxst Saluiticr -'tale-s iliat tmipcrat arcs up to -lOtC 

can be t-niplox cd with safest \ and that a conxctsion of nion* than Tb per 
rent ( an lx- cib-i t'-d bx' 1 hi'' nifaiis 

1)( h\ droun-nal ion of isopiopvl ah'olntl conimi'iK’i's at IbC xvhiist- 
Ix-hox d(Hi tin- lo-^s due to the' foiniation ol propxh'iif )s neelii.nbh*. 
2 liiilxl and 2-o(tvl .deoho! an* ceuiipatativelx e-asilv di'h\’dn);,>t*nated 
at .')')<• , xxliil-t tlic lonnatnui of the un'<alurat»*d hxdrocarltons do<*.s 
noi coinincnce to be apprecniblt* until ItXl 

Aliphatic alcohols containitm a d<iul>le liond. c </ allvl alcohol, 
('ll. ('ll CH , OH, arc usualK converted into the s.ituraied 
ahichxdes: 

('ll. ('ll (’ll,. OH - cib, CH,,.CH0. 

a siinultaneoiis pniccss of de'iix droecnat ion and lixalrot/enatioii. 

Accoidine to l)<ui\<-.nill “ ^u'laniol is an <'X<'i*p1ion. since eitral i.s 
practically tin* onlv piodu' t pnidiiced b\ passaee oxer reduced copper 
at 2<Hl' under tedm’cd pie'-sure 


( ’ , 

.(■II, 

C 

CH,. 

H.C 

1 

('ll 

1 

H,( 

CH 

I 

1 

IM' 

I 

CH, OH 

V H.,C 

i 

(HO 


CH 


CH 


C.('H, 

CIb, 

('.CH, 


Ocr.iiiloL < itriil. 


The absence of cynn'iic in th<- eitral. which can be I'asily formed 
by flic elimination of water and closure (d the rine. is under tlies** c,()n- 
dition.s of dehydntgenation Homexxdiiat unexjK'cted. IJorneid, likewise, 

* lyor. Ctf, 


‘ //«//. Sne (’him., UNHt, 3, 35. G5U. 
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can be converted practically quantitatively into camplior at 3(X)° 


(.’lij 

cil Oil 

' ^ I I 

i Cllj C (’IL i 


CIL 


V - 

H 

lliuncol 


C1I„ 


oil, 

CH, C 


■CO 


Cflj C CH, j 


CIL 


-C - 

H 

(' ipjiplior 


-CIL 


In the presence of iiietallu eoppi r, benzyl alcohol undergoes ]>artial 
dehydrogenation at 3(K)", Init at 3K()-' a poor vudd of benzaldeiiyde 
IS obtained, degradation to toluene and lienzene taking place 
simultaneously 

The conversion of phenyl etliyl alcohol, on the otlu'r hand, into tin* 
coiresponding aldehyde is easily elfected under reduced piessure 

Saliatier and Seiiderens- have investigated the deh\drogenatioii of 
the ahoholic dernalives of cydohexane With (.Mlohexaiiol itself, the 
lydohexane produced at 3(K) undergoes but little seiondaiy decom- 
position, but \Mlh llie various methv! ()dohe\anols b\-pioduds sudi 
as the imsatlirated ring conipounds and ciesols incKsisi' in ainoiint 
with elevation of the lempt'ratiire 

Knoeveiiagi'l and lleikd'* reiord an interestimr cas(‘ of ether 
foimation with met.illii copper at 2S(' 

(CJi-j.CH 

CJI^ Cll Oil CJI, “ 0 I H, 

(C,,IL)/'ll 

whilst till' ((inversion into hen/ophenone 

c„n, 

c„iL.cii OH (VL "'^cotiL, 

Call, 


ocfiirs when heated in tin* abseme of copper to 2SO'-2't'i Saliatier 
cites tills exanqile as the only exception to the proi esses of dehydrogena- 
tion catalytically aci’elerati'd by the presence of leduced eofiper It is 
inti'n'sling to noti' that tlii'se observmrs found that the preparation of 
ben/ophenone by this process ol dehydrogenation ("oiild easily be 
idlected in the presence of palladium black Nickel is even inon* 
vctiye than copper as a dehydrogmuition catalyst Thus, etlijl and 
he olhei aliphatic alcohols already undergo appreciable (miivension 
aiiiK' 50 degn^s lielow that found necessary in tlie [iri'senceof copper 
Degradation of the aldehyde or ketone produced is, howeycr, as a 
ule, much more marked, thus limiting the utility of this metal For 


• .•tdJi ( Ann Phiji , 1905, 8, 4, 467. 
’ Ptr. 1903, 36. 2810 


eioldflinith, BP 17573, 11)00 
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t*xamj)le. Tn per cent »)f th»‘ propyl aKlohyd»' produced hy tlie dehydro- 
gtMiation of projiyl alcohol at 26(>^ is «lcstr(»ycd tluriug its passage' over 
the catalyst material. 

Sabatier and Semh'nms * state that re'duced cobalt is inti'rmediary 
be'tween the last twe* elements in cal.ilvtic activity, whilst platinum 
and jialladium exert an activity similar to that of nie'ki'l, although 
8<*c(iiHlary degradation dix's not jtroeeed to such a great extent Thus, 
in the de-hydrogenation of e'thyl ah*ohol m tin' prcst'm'c ol platinum 
black, altlioiigli conversiein e'onmnMK'c^ .0 27(1’ the rapidity of ('onvi'r- 
sion is not markeel until a temperafun- of .‘i7n’ is n'aclied, when a 
7 .') per cent loss of acetaldidivdr is obtame<j as a result of secondary 
de'gradations into methane and carbon : 

( ,11, .011 > ('ll, .0110 1 H,, 

('ll , 'oho ^('lljiOO 

K.xpi'riments with both /.inc and brass have givmi nn.satisfactory results, 
according to Ipatu'W,- but brass has been n.se(l technically for th(' 
dehydntgenation of eth\l ah oho| 

The use of metallic oxides. In the preparation of foinialdeliyde 
from int'thyl ahadiol we ]ia\e alreailv note<l that the use of certain 
oxnles, notable those of alumininni and manganese, as catalytic 
materials has been atlen<le<l with dcimite although s(»mewhat poor 
yii'hU ot t h(‘ aldehvde 

The extension (d the Use «if ceftain oxides to the di'livd rogetnit ion 
of the liigher ahohoK has been made by Sabatier and Maillie.'* who 
arrived at the coiulnsion that thev were less sat isfa<'lorv than the 
metals owing to tln'ir lower reactixitv, thus ms'cssitatiiig the use of 
iiig}i<‘r temperatures with <i K'^nlting in< lease m tin* secondarv forma- 
tion (>f hvdrocarbons ami <aibon monoxide Thes«' in\ estigators IniM* 
classitii'd the oxides investigated into tlins' groups . 

{(i) Those in whicli the catalytic actiMty for proc(‘,s.se.s of dchvdro- 
gt'iiation i.s most marked, r i/ 

n.cii, oil > 11 . (HO 1 11, 

These include uranium, molybdenum, zinc, ami vana<lium oxides. 

(/>) Those in which proce.shcs of dehydration are a<’ce]eralcd, c 

11 .(Ml, .('ll, .011 V R .( Ml ( Ho f 11,0, 

including non-calciiied chromium oxid<‘, silica, and titanium oxide 

(c) Those which accelerated both r<*actions ; including the oxide of 
glucinum. zircoma, and cab ined chromium oxide. 

With manganes(‘ «)xid<’. «lehydr»»genati<m of the aliphatic alcohols 
does not commence below* IViO , at whu'h temperature tMie conversion 

’ Ann i'him, Phijn,, JiHt.) (mii.), ♦, 47.'J. 

» lUr, IIHU. 34, .'^79, nml ItMU. 37, 2W)]. 

> Ann f'kvii PhtfH , urn* tvjii ). 20. 313. 
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IH only ono-forti(*th of that brought about by reducod copper under 
Birnilar conditions, and secondary decomposition is already quite 
marked 

lloth the oxides of cadiniuin and tin exhibit interesting phenomena, 
in tliat their reaitivities at are comparable to those of metals; 
simultaneous n'duction to metal, however occurs The metals them- 
selvi's exhibit marked catalvtu activity above tlieir melting points, 
but owing to the gradual growth of large <]rops of the ln|Uid metal at 
the expense of the smaller ones on account of their smaller vapour 
pressure tin' adive surface of the catalyst is sloivlv reduced, causing 
a (orrespondmg ri'duetion in the space time yield for a given si^o of 
conviTter 


Till-; Cka( KiN'o or Oils 

The ' ( racking ” or resolution of hydrocarbons of high boiling point 
of the aromatic, and more especially of the aliphatic, series into simpler 
hydrocarbons, bc)th saliiiatt'il and unsat ur.ili'd, of rel.it ively low boiling 
point, IS now a well-establisln d mdii^tiv In priiuiple the most 
elleetive agencies for ai eomjili'-hmg these c haiigi's are temperature and 
Itressiire, hut the influence ol (at.dvsts, .ip.nt from the s|)ecitic action 
of hiirfaei* contact, both on the xelocit) of (oincr-'ton and also on the 
nafme c>f the product iditamcd i', ,so maiki‘(l that their industrial 
sigiiiticauce is now a m.iltet of mi|)orl.in( \t llie same time, a study 
of their beduu lour, although not thiowmg iiuich huht on the nature of 
the catalytic processes mvohed, ^ guiiig \alu.ihle mforiiiation as to 
tile methods of foim.itioii of the yaiioii- piodinfs iii the p\ rogiuK'lic 
decomposition 

To Miiidock (17M2) must he giymi the i rcdit for tie* observation 
that llic ctlecl of lic‘al. on hc*ayy oil was to pioduce a gas .suitable for 
illuimn.ition Since that tunc the (racking of hc.i\y oils has been 
stimulated by the following factors (i ) the iclalivc itu re.isc in output 
of yiTV heavy oils cnau parallin, pc'trol, and natur.il gas owing to thcc 
increased rate ot consumption of the latter , (ii ) tlie increased demand 
for petrols and petrol edheus as fuels for internal comlnistion engines 
and soKciits. for jiaratfiii m the stationary penver engines of small 
sizes and for illumination, and for aromatic hvdroearhoiis as law' 
materials in the chemical industries 

Tlic primary decomposition of an aliphatic livclrocarlion into its 
simpler c-onstitucnts ]>rior to the rcuirrangeraent by svnthi'sis of these ' 
decomposition ]mHliiets into open- or cdosed-chain hydrocarbons is the' 
exjilanation of the ‘ cracking ” process mnv generally adopte d All 
evidence ' ])Oints to the hypotlux^fis that catalysts exert a considerable 
activity in the dt'compo.sition of the original hydrocarbon and may 

' S(o the I'andtiUj I'ompiltJ liUroture by Ixanax, DmisUn, and Tliole, J InM Pet'Ttch., 
lUK) 3, 1). 36 120 
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exrrt a marked iiilliieiice in the aecoudary ayntlicsis, Suioe, in general, 
degradation and syntliesis in tlie reactions cannot be separated, tlm 
exact functions of the catalysts employed must be considen'd at present 
as merely speculative in character. 

Two alternative theories have been advanced to interpret the 
mechanism of the first or (ltsintt‘grnting stage of the rracking pr<)cess, 
that of Bert helot ^ and the more recent one of Bone and Coward 

According to Bcrthclot disruj)tion proceeds in stages with the 
primary elimination of hydrogen, with or without the simultaneous 
formation of methane and the ])ro<Iu('tion of an olelinic hydrocarbon 
containing one or mon? double bonds. Thus, ethane may be con- 
sidensl t^j undergo the following alternative or simultaneous pyrogenetic 
decompositions : 

OJfs 11/: : ClI. ) n.„ 211/' : C/l„ l HCi (’ll 

it ’ ' ’ 

uc.cii iiij 

2CjU„<. '"IU' .(’ll |•2^I, HI, 

I 

I J. 

Tlie intermediary formation of olelines as well us of di- and tri 
olelitu's during tlu‘ thermal deconn>osttion of a paraliin is a well-known 
phenomenon, having been contiimed by the researclics of riiorjie and 
Young;' Haber, and others. It Is, furthermon*, a nialtcr of gn'ut 
teehineal importance in the preparation of motor spirits, since, on 
vStor.mo, espi'cially under the influence of light, the di- and triolefines 
polymerise to form a gummy residue capable of making the inlet 
valves of inttTual combustion engines faulty in ilicir action. Mono- 
olofines or chain hydrocarbons with only one double bond do not 
appear to possess these objectionable idiaracters to sindi a high degree, 
and may he left in tin' spirit. This consideration should be notod, 
since the oletinic constitinnit of a cracked j>etrol is a high one, aiul 
complete removal would entail a heavy loss both in spirit and in 
sulphuric acid. Fractional removal of the di- and triolofinos can be 
accomplished by .scrubbing with 1 to 2 jier c<‘nt of sulphuric acid. 

Possible hydrogenation in solution by a catalytic process or in the 
vapour state at a low temperature suggests itself as a promising 
iltcrnative. 

Bone and Coward, on the other hand, advanced the nascent radical 
theory. On this view the hydrocarbon is considered to be at lea,st 
momentarily .split up into radicals, --CI1, -* (’ 112 , and -CHj, having 
1 fugitive existence and undergoing immediate polymeri.sation to more 

* Compt. rend,, ISWi, 62, {K»r» ; 63, 788 ; and iiuU. Soc. Vhtm., 1867 (»,), 7 , 2/>l. 

> J. Chan. Soc., 1908, 93, 1197. * Vror. Sor,., 1H71. 19, 370. 

♦ J.f. Giuihekucht., 189.'), 39. ‘Hi m ; Her., 1896, 29, 
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complex hydrooirbons, usually, ]iow<‘\Tr, sirnplor fbau the original raw 
material 

Tli(‘ forrnafion of a double bond is an endotlieriiiic reaction, the 
iirst stage of the frm king jiroeess thus re(|uiring the continuous supply 
of a (onsidi ruble anioiint of energy, in a jiaraftmoid hydrocarbon 
amounting to appro\iinate]\^ :i0,t)00 cals per grm -mol 

itillnian^ has lahulated the veloiity constants of the typical 
(Talking leadioii, lyi,, - -> (',114 I 11^. at \arious teni|)eratures with 
the iolloVMiig leslills 

A ">00 (1027 

A 770 0 071, 

A (100 1 2H 

Thus, the rate of double bond formation or (onimeiKemeiit of the 
Clinking pioiess of dham' is ahead v (piite apjiredable at 6tK) 

The formation o! a dioleline mav be the result of the fuithei ('limma- 
tion of hvdrogen fiom a niono-olefine, or, ai ( ordiiig to Ostromisshmski,''^ 
due to theimal dei ompoMtion with the hbeiatiori of a jiaraflin hydro- 
larboii thus 

('ll, ('ll ('ll,, ('ll, K - > ('ll, ('ll (’ll Cli, 1 Kit 

Thus fai, we li.ise shown Imw in tin' Minph' ennkinu |)roeess the pro- 
(liidion ol gases, smli ,is metliam, Indiogen, tin' lovei [laratlin hydro- 
( aib(»ns, .ind tlie oldines, (.in be .nioiinled lor Sinh products ,ire 
iisiialK obl.iiinsl ill the ( i.k king ol pai.ilfin up to (ItHI , whilst, ac cording 
to Kiltman,' jatiol loim.ition mav .ilieadv tie olit.iiind at .is low a 
tcnipc latiire .is 1(»0 

The tormation of ring compounds. \((ording to Iteit helot the 
foimation ol .icdvleiu' is piwMbh- in tin' pnni'ss ol degiad.ition of a 
paiallin uinh'i tin' inllin'iice of tempi'i.ituri' and lui's^ure with or 
v\ It hoiil a (h'hv di ogi'iiat mg catah si \lt hough the prcM'in e of aeetv'h'iie 
lias nevc'i .ntn.ilh bi'en provt'd, it m,i\ be .uuu, d th.it .ilmost in- 
stantaneous pohnn'iisatioii to ring compounds taki's place at the 
ei.icking l('mpi'riitiii(', thus 


CH cir 


Ai'cording to Hone and Coward .similar results would bo obtained by 
tin' rajiid polviuerisation of the nascent nulmal CH 

It must not be forgotten, however, that tlu' formation of stable 
ling ('ompoiunls is akso ]>ossible tlirougli the eondeii.sation of olefines or 

* ./ hid Afly ( An,., 1(11 6, lOL’a, 7 !U'>, IDIA. 8, 20 
“ ,/ Alo, Phy- ( km .S(V , limi. 42, M:> , lit!.', 47. I'lt7 
’ J hid Knq Vhm , llU.’’, ftiul lOlc, 7. lOl'l 
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dehydrogenation of a triolefint*. We have aln^ady noti'd thal th<‘ 
formation of polyolefines is ]>ossi})le in a eraekinji; j)roeess, and (Uir 
knowledge of the extraordinary reaetivity of the system of eonjiigated 
double bonds : 

would h'ad us to su])pos<* that eyelie <‘ondensation would probably 
proeet'd via a polyoleiinie eompound, am! not through the hypothetical 
intermediary formation of acetylene or of tin* still tnore nascent railical 
^ Ipatiew^ has shown the b>rmation of cyclohexane from 

n-heptaiu‘ via a : n-lu'xvlene. and Lebedev - the formation of the same 
( ompound from crvthrene 

('ychc polynu't hvhmes and aromatic hydrocarbons may thus tesull 
from proees8('s of |mlymensation of oletines. dioh'iines. and acetylenes, 
or by tln‘ formation of closed rings from open chains bv a proiM'ss of 
dehydrogenation. 

Since. \shich<'\er vi«'W In* adopte<l. degradation has to proceed 
further than in tin* preparation of piUrols Ixdorc the tormalion of 
(‘vclic compounds is possibh*. W(‘ would expect larger yields at liigInT 
crai'kmg temjierat ures and es|)eciallv in th<' presence of dehydro- 
genating catalysts The optimum temperature for aronialie hydro- 
carbons in practu'c is stattsl by Hittman '•> be beivve<'n bbO and 
For Baku petroleum, Snioleiiski. 'ruroysiez. and Dobroyy Iski ■’ report 
tempi'rat tires of tj>Hu b72() . ben/mie, toluene, xvlene, aiit liraceiie. and 

naphthalene are among the proflin Is ,\boye S(M)' thermal degiadation 
to carlion and hy'drogen commenc(‘s to la* a s<mrc(‘ of trouble and 
hydrocarbon lo.ss, jiartlv «lue to the ultimate diN.'^ocialion ol met ham*. 
CHj 211.J whi< h is pia<ticaliv complet<‘ under I atmosphere 
[iressure at 12<M) 

It must not be forgotten that, owing to the com|»lex lomposition 
of the natural oil before cracking, the resulting prodml, when crackeil 
at any given teiujierature and JUe^^u^• of operation, will also be ♦•om|ilex. 
Thus, the presimce of ring compounds when petrol is desiH'il or vac 
versa, or the occurrence of a <arbon dcp«)silion in the ret<irts. stills, or 
steel tulx's, can .>carcely be a\rtided 

For the general eticct of leinjierature ami pressure on cracking 
])roce.s.se,s, as w<-ll as the relative advantages of cracking in the vapour 
or Inpiid state, the reader is referred to the pa|»ers by Lomax, Diin.stan, 
and Thole cited above. 

Dehydrogenation of cyclic compounds. Sabatier and Semlerens ‘ 
showed that cyclohexane at a temperature of 27t) -2H() m the presenee 
of nickel underwent a proces.s of dehydrogmiation with tin; formation 
of benzene and methane : 

- ./. /"Ay I. .Sfjr, 110:1, 45. IJlO. 

* rend , 1897, 174 , 018. 


‘ fier., 191.3, 46 , 1748 
» J, Soc. ( hem. Ind , 1922, 41 . 402 A. 
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5u])stitutc(l cyolohoxancs and hydronaphthalcnca behave in a similar 
fashion Li'diiccd copper is slightly leas active, ^ dehydrogenation of 
cyclohexane corainencing only at 300°. 

The expenments of Cobb and hia associates at Leeds University ^ 
on the reactions occurring among benzene and its homologues when 
submitted to eoiiditions similar to those obtaining during the carbon- 
isation of coal, an* of interest also from the point of view of dehydro- 
genation, and demonstrate the operation of such reactions in the 
destructive distillation of coal 

Cobb demonstrated that in a stream of nitrogen rich m benzene 
decomposition sets m at temjieratures m the neighbourhood of 5j0° 
A solut })rod\ict, di]»henyl, is one of the products of decomposition and 
results manifestly from a dehydrogenation pioeess ai cording to the 
leaelion 

With increasing tempt'ratuie an increased yield of diplienyl is obtained, 
but, at more elevated teiiiperatiincs, further deeompoMtion sets in, a 
tliree-ring com|)ound dijilienyl benzene being produced 

lb was demoiistiated that the atmosiiliere in which the reaction 
was condiieted had a decisive inlliienee on the deeoiii|)oaition pioeess 
Thus, with hvciiogen in lieu of mtiogim as (iiluetiT, the formation of 
di})heiiyl was redin ed , with a sullnient e.xeess ol li}c)rogeii the 
decomposition of b('ii/ene was practiealK siipjiiessed an obseivation 
which explains th(‘ stability of ben/etie in the jiroc esses of coal 
carbonisation 

Witli toluene in nitiogen similar results were olitained At GtHC 
the two-iingeom]>ouncl stilbene (C,,llj_,) was jirodiu ed In a liydrogen 
atinosjibere, liowecer, liydrogenation of tlu' molecule arose witli pro- 
duction of methane and benzene X\ lime bidiaved in a similar manner. 

It ma} be mentioned that siib.stitiitod liycirogimated ring compounds 
behave in a similar inaniuT Thus piperidine was shown hy Ciamician ® 
to undergo dehydrogenation over nickel, between 130° and 250°, to 
jiyndme. 

Palladium black is even more active than nickel , thus, with 
cyclohexane, delijdrogenution c onunences at 170’ and proceeds smootlily 
at 200" At lower temperatiiies, viz 100°-! Kt, h} drogenation of 
honzeno occurs 

Dehydrogenation of open-cham hydrocarbons.- Hot ween 350° and 
400° the aliphatic saturated hydrocarbons are dehydrogenatc'd in the 
presence of reduced nickel, thus pentane is finally converted into 
carbon and hydrogen, although the intermediary products, propane, 
ethane, and methane, can be isolated. 

* JSabaticr and Mailhe, Campt. rend , 1903, 137, 210 
* S(^ VVni Young Memorial Ltwture, Glasgow, 8cpt 1918 
’ Ain ll Accad iinvc*. 1907, 18, 808 



The uTisaturated olefine hvdriH'arbons undergo siniilar decomposi- 
tion, but part of the olefine at the same time becomes saturated.*' Thus, 
in the presence of reduced nickel at ethylene is converted into a 
mixture of ethane, methane, carbon, and hydrogen. 

With cobalt, dehydrogenation commences 300'^, with iron 
at 350'", wliilst platinum and eop]>er exert no eatalytie activity 
below 

Acetylene, as is well known, undergoes dehydrogenation and jiartial 
•polymerisation at very low temjM'ralures, Thus, in the cas(‘ of 
platinum black, the reactivity is already (piite marked at 150 Perrum 
reductum is rai.sed to the point of ineande.seence when e,\po.sed to 
aci'tylene, with the simultaneous production of stiot. After a short 
period the reaction velocity l)ecome.^ .slower and ])ar(ial jMtlyinerisntion 
and hydrogenation of tin* acetylem* occur. 

ro{>per at absorbs acetylene very readily, tlie product la'ing 
a brownish-yellow modification containing a hydrocarlion cuprene, 
(('-ll,,)„d According to Sabatier tlie formation fd cu]irene is the n-sult 
of the interaction of a carbidi* of copper produee«i by tin* d(*bv<lrogena- 
tion of acetylem* with fresh acetylene, the copper being finis de- 
carbonised, and able, th(>refore, to renew its (‘atalylic fnnclions. 

Small rjiiantities of cuprene can also lx* (tbtuim'd witli reduced nickel 
in the jiresence of acetylene at . 

The fonnatipn o! cyclic compounds by dehydrogenation. This 
process of dehydrogenation is a vrry usual one in organic chemistry, 
and owing to the ease with wliicb six carbon atom ring ('ompoiimis are 
formed by Ictss of hydrogen from (tjien eliam.s. lias b'd to tlii* Hvntln'sis 
of aromatic compounds of high <-onipIexity 

Abiniinium chloride is the most elb*ctivr catalyst for siieli proci'sses 
of dehydrogenation, tin* vrloeity of dehydr(>geiiati<»n bi'ing fre(pu*ntly 
alrea<ly apjin'ciuble at 80' and \igorous at 1H<)‘. In common with 
other jtyrogcnctic reactions, .simple pas.sage through a n'd-liot tube will 
accomjilish the same «‘nds. but tin* yield i.s u.sually much smaller owing 
to the process of degradation proe^^ediug further at such elevated 
ti'inperatures. Ke<]nce(l niekt*) is also an active <'atulvtie inat('rial, but, 
the necessary temperatures to be maintained are usually considerably 
higlier than with aluminium chloride 

As typical syntheses, the following may be inentione<l, showing tlnr 
»radual formation of judycyclic compounds of high compl(\xity. 
Bthvlene yields benzene : 

/■■■-„ 

3CHs:CH, — > | + 31I,. 

The researches of ipatiew and Aechan ^ showed that polymerisation 
ind dehydrogenation would proceed rapidly at 275“^ in the presence 


* Sftbfttier and Sondrrena, Btdl. Soc. Vhim., 1899, 21, .530. 


* Iax‘. cU. 



296 


CATALYSIS IN THEORY AND PRACTICE 


of aluminum) or /me clilorule Dihim/}! ih raindly lonverted lu 
lilmnantlirono and a-cthyl nu])htluil(‘Jie into ;u‘mii[)]il licne by passaj 
through a rod-hot tidio 


Cllj 

/' ril. 
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I'llUl.Ultllll'Ill 

CII.CII, 


.. I dill luiiMdi.iliti 

The svntlu'siH of lliioroiic, 


I ni,. 


chiyHont', 


1 I I i 


11(1 pKCllO, 


(III) !»(' hioiighi ahoiil m .i miiiiI.u lu.uiiici 

Scholl and hi.s (o woikcrs* have paid '(pti'i.il attiiition to tin use 
of iiluniimuin chloiidc m tin' loimalioii ol jiolvi vdu dcruatncs of 
iwiilithaii'iic and anthraci'iu' Thus, dinaphthalciu' is casil\ (omerted 
into pei vlcnc 



* II, r. 101(1, «. 1737, -‘-'03, .liiiKi/fH, lOi-’ 394, 111 
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In a similar manner plnmyl a-ketonuplithalene can be tlehyiiro- 
genated at 140^ to produce benzantlirone : 





(’atalytic ])r(ice.sse.s of deli\ drug«*natioi» eati also be applied to the 
formation of ln'tcroeyelic eompoimds. ('arraseo and Padya ’ showc'd 
that dimethyl o-tolmdine in the presence of nalueed nii’kel at .‘KHl’ 
was partly conv(*rU‘(l into methane, lolmdine, and metliyltobiidine, 
more than 24 per cent of methybndol being. ho\v«‘\er, simultaiieon^iy 
produced : 



-X- 



'll., 

('ll 


Methyl O'toluidme with similar tieatment yields a small (piaiitity (t) per 
cent) of mdol 

Use ol metals in cracking processes. In istit) Perthelot n(»ied the 
catalytic decomposition of acetylene to carbon and hydrogen in the 
presence of finely diyided iron 

Moissan and Moun*an “ contirmed lleithelot s results and showed 
that cobalt, and especially nickel, win n freshly piepared. exhibited 
sinular marked actiyity. 

In I'.dO O.stromis.shmski showed that crude Kussiaii jjetrol- 
eum. when jiassial oyi'r redueed mekel at titKI -7t)0 . was completely 
di.siiitegrat(‘d to hydrogen, nn'fhane. and a ( arbonae<‘ous n-sidin*. 
I’bbh'hode,'* working at ‘ibO . sli<o\e<l that the cracking jnoc(‘,ss had 
already comnn-nced to produce lighter distillati's at a li-mperatun .some 
KK) lower than would be necessary in the absenct- r)t any eatalytii' 
material ■’ Zanetti^ conclusiyely .shovsed from experiments on piopane 
and butane that nickel was an ellertive catalytic material in the 
jireparation of ])etrols, but not for the formation of aromatic substances. 
The.se ob.siTyations form tin* basis oI .seyeral patents.^ Seyeral ]>atent.s 
haye likewi.se tremi taken out for the u.se of nickel as a catalyst, for a 
mixture of [letroleiim yajiour and hydrogen, so that cracking of tin* 
oil witli .simultaneou.s .saturation of the olefines would take [dace,*^ It 

‘ Vazylta, IIMT, 37, JJNil. ‘ 122. Jilt I . 

./. Phy:i Chnn S»c , llUO, 42, lir> 

* rawlenm Zni , 11)12 (vu.). 9, 3.'U. 12.33. 11)11. 

» S(H> J.:imp!oHKh. H.l’. 11)702 1912. * Emj ('h^m , 1910, 8. *>74 

^ Hall, B.P. 17121, 191.3 , and IVaton, H 1’. 2.3870 1914. and pn 

« I’lullipH and Button. B.I’. 23977,1907 ; Planra. Lt<l , B P. 024.7,1913. 
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is, of course, unlikely that any process of secondary saturation would 
occur at the elevated temperatures, 3.')0‘’-4r)0'", necessary foi the cracking 
process itself 

The experiments of Ipatiew, Engler, Kuznetzov, and others showed 
that copper, iron, or aluminium showed no advantages over nickel as 
catalytic agents We may conclude that the use of reduced metals, 
especially jnckid, in cracking processes is of some material advantage, 
when jielrol is the desired product , iii the j)re.sence of such a catalyst, 
the cracking (einperature is afipreciably lower, the formation of aromatic 
foni))ound8 prailicaliy eliminati'd, and the olefine content of the 
linisiiul spirit may he slightly reduced by secondary hydrogenation 
Technical difliciilti(‘s, such as the deposition of caibon on the surface of 
the (iitalyst, must, however, be expected 

Use of metallic oxides in crackmg processes. -Alumina ‘ and 
, tifauium diox'idc^ exert a slight catalytic adivity at [larallins 
being jinrtly dehydrogenated at this temperature, whilst at higher 
temperatiircH the yield of aromatic compoumK is sensibly increased by 
the presence of such catalytic oxides llirsehberg cluiiiK'd an I'xtra- 
ordinaiy activity for chromium oxide prepared l)y the ignition of 
animouuim bichioinatc 

Ipatiew was able to isolate various aromatic hy<lio(arboiis from the 
residues obtained by the passage of ethvleiie ovst alumina at .‘W-bJt) 
under 70 utmosplieies pre.ssme In tlie ab.seiue of alumina, (velie 
puralliiis and olehnes onl} were obtained Similar lesiilts weii' 
obtained by tins investigator with cyelohcxane at lOO under high 
pre.ssiires With u-hexane at tMtf nmlei normal [iie.ssiiies no <iiomatie 
substances weu* obtained 

It may lx; eoneliided that the use of the ovides ol aliiniitiium, 
titamiim, and (liioimum might be of slight soiuee where a high 
yield of aromatic hydroearbons is desired and the eiaiking jiroeess is 
eondiieted under elevated pressures 

Tlie Eriedel and Crafts real fioii where the halides of certain elements, 
especially aluminium, aie used as ut.ilytic agents, lorm the basis of 
several patents on < racking iirocesses ’ 

It is claimed that “ heavy " petroleum is readily converted into 
aromatic hydrocarbons whilst the polymcrisalioii of the olefmes 
proceeds lapidly ni the jiresciice of the halides ot ulumimum and 
zme 

At high lemixuatures, circa HMKT, methane and the simple olefines 
oiiH result,^ whilst at very low temperatures poUmcrisation to cjclo- 
liarafliiis occurs Ipatiew obtained a good yield of luiphtbaleues at 

‘ Ubbloluxle, hx (il, * Zclinski, g ftwjrf i‘Ay* ( hm Sik , I'UV, 48. blO 

* 11 1> Mll/4.ra, llHKV 

* .\thol, 111’ 47M/1877, 111’ 711Z/1{U3, BP 1783S/I9J3, and ('<.|Hs.iallv McAfco, 
’IP 22243/1914, USP 11274115, '1915, a[soJ.lnd Eng t'Aon , 1915. 7, 737 

‘ l.'uaUvaoa, J Russ ]’hg> Chtm Soc„ 1881, 18, 1149 
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375°, from ethylene at 70 atmospheres j)res8uro in the presence of'finc 
chloride ; alnniinium chloride was even more active. 


Tsoi’rkxk 

In view of the importance of the possd)le technical devidopment of 
a })rocess for producing rubbers and even terpenes such as camphor 
from coal tar, shale, or crude oils, it may be mentioned that tin* aiiujilest 
hydrocarbon which offers a reasonable opportunity h*r an eecmninic 
synthesis of these sub, stances is heniiterpcno or isoprene {methyl 
divinyl), or one of its simple derivatives. 

Isoprene contains lw(» ethylene liidoig(‘.s : 

Vl\^ 

and is [iresent in fairly large quantities m tlm distillate obtained by 
the destructivi' distillation of rublx'r or tin* decomposition, by heat, of 
t(‘rpenes. 

Ostromis.sleiiski ' has already shown that di]>entene ami dilie.x»*ne 
produeial by dehydrogenation of pi-ntam' and he.vane or tin* elimination 
of methaiu' from hexam* and heptane, \Mth ^ui)se(|nellt polvmens.il ion 
of tlio oletiiK' \slien lu'ati'd to TaW) , gi\r ;i ppreciable ipiaiititios of 
isoprene and dimethyl divinyl We may thus consider that the lirsl 
stejis in the synthesis of isoprene are as follows . 

(’H:,.(Ml,.(’ll2.('il2.(1L.(dl, -> ('ll,. ('Ibj.t 11.2 

ll«'\illH'. Cuiti'tK 

Cll,.('ll2.(1I:(1l, 

---> -f 

(ii.-.ni .nu.f'iia 

i 

CH.('H2.(’H .C’ 

II . \(.u 

CH/ 

niju'utcno 

The double bonds in the a, € position show their usual temhmcy to 
form a conjugated .system with rujtture of the molecule to take up tho 
a, y positions. 

According to Bcrthelot isoprene and similar derivatives of divinyl 
do not appear to result from the decomposition of a paraffin, hut 
through the intermediate formation of a complex tnoleiine. Ostro- 


nr, 

2CIL:(' ClliCII, 

lMl|lt» III' 


J. Russ. Phyt, Chfm, Hoc , 1905, 47, 703 fl /iw/. 
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CH. 

irjj.ssifiislu flic formation of a simple olefine winch would 

then hrcak down at. oOt)’ to form divinyl 

CH, CH.CH, ('ll, K -^('H, CIl CH CH,+ RH 

[soprene on (omh'nsalioii forms a polymer liavmt' a rubher-like 
cotisisteiiev 

llanies siiypo'Ht.s tliat. rul)her has the following eoiistitiition 

|CH, (’ CIl, CH, CH I 
I lie ('ll, CH, C Clljl,’ 

a .simple polyiiKT of isopiene 

The catalysts employed in the polymerisation of isoprene to rubber, — 

Creville William.s’ was the hist to (»h, serve that a riihher like eom- 
poiiinl (Oiild he obtained by the diy distillation of isoprene whnh had 
been allowed to stand I'xposed to the air lloiu liardat “ obtaim'd ' a 
sab.slanee analogous to natural e.ioiitt horn ’’ by the action of (.011- 
eentnited hyclroc hlonc acid, live times tim weight of the isoprem* 
emplctved, coiitained in sealed glass tubes for v\<‘ral weeks 

Tliiee ve.irs later Tildeii iiotcsl that intros\l ehloiide was as 
eOV(li\e as hidiochloiic acid in accelerating the pol\ merisatuin of 
isoprenc' The .samc' investigator noted '* the pol\ merisation Ihrough 
the agenc \ of time and light, and showed that the jiolv nii'risatioii 
product possessed miinv oi the |iropi‘rties ol naluial caoiitchom, even 
to till' ac tioi) of sulphur cdlec ting vulcanisation ^ 

Koiulakow ellec tc cl t hc‘ polv iin iisation ol dimethv 1 i •!-but<iclienj*'' 
I d, a hoinologiic’ of isoprenc- to a riibbei by sulijeeting it to 
action of ale oholic pol.isli tor thiee duV'' \ 

Lebedc-v iitili.siiig d.iv light, Ostioimsslenski and Koch ' with iiltrd' 
violet radiation, and ('ollic-,” with the silent electric discharge', all 
etb'cti'd the comph-te and lelativelv lapicl eonvc-ision of isoprene into 
nitiber, this being siipc'iioi to all c hemieal csitahsts thus tar investmatc'ci, 
with I he- po.s,sil)h‘ c'Mcption, ))i‘ihaps of owgen or o/,onised air vvhc'u 
relative Iv laige c|iiantilic's ot .simple poluners iisualh the' diineride and 
tiuiic'iidc', are gc-tic-rallv cddainecl 

With (be me tease in the price of iiibbei sulisc'ijui-nt to iDOii, the 
]»roblc‘m ol lapidly ellec ting the complete polv meiisation ot isoprene 
was attacked with retievvc'cl vigour Harne.s. in Ibltt showed that 
healing to !)lt -MX)" in a .scaih'd tube with aeetie acid foi eiithl cUvs 
etlected the- c’citivc'rsion, but the vield of rubber wa.s ex.trc‘melv variable 
Hothmum and Coutelle,'-* of the Ikver firm, made the- important 

' I'hil /'/.(«> 181)11 150 -VSl 

' Hnll .sv (Acw, 1875.80 I IW, C occc/V roc-/ 1870,89 1(11 
s ( h,m AVcoc. 18.S.>, 44, 17cl * Ibtd . 1802 66 2ci') 

5 J f?r ('hem , I'lOI. 64 lO'l * J Cu" . I'Hi'i, 41 1868 

■ ('kon Anh.h 1012, 36, 150 * J ( Arwi Vor . lOO,). 87, 1540 

• F V 41438.M'K)0 
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observation tliat pure isoprene nr its isomers rapidlv polrmerises to 
caoutchouc with good yields when subjected to luNit. either in the 
presence of or without catalytic agtmts. Previous atteinjits at thermal 
' ]>olymeri.sation were unsuccessful, doubtle.ss <lue to the j>resenc»> of 
iin|)uriti(‘S. Matthews, in ^ showed that metallic sodium was a 
polymerising catalyst of unitjue activity. Acc«>r(ling to Harri('s'“ 
butadi(*ne is i-onverted at the ordinary tenij»erature in a b-w hours; 
isojirene is converted at about (>0 almost »piantitativelv into ( aoutclioiK' 
without the formation of any dimiuidt's in from lifty to one hiindn'd 
hours, whilst the sodium for tin* greater part is unaltmed 

Sodium-comlensed caoutchouc is. however, tif dilTi-n'iit .structure 
from that olitained by [lolynn'ri.sation bv heat <tr with the an! of acetic 
acid, and probably has tin* following structure projio.^ed bv Harm's: 

|(’ll3.('.('!l (’H, (’ll (’ll,, 

Icilj ('H .('II, ('ll (‘'.('ll, ),’ 

Various other catalytic agents ha\<' been ,u'o|>ostd from time to time, 
such as acetic anhydride.'* cerium or \anadmm salt«.* and .MMl.iniide,'* 
but do not ajipear com,>arable in aetivifv with either acetic acid or 
metallic sodiiiin as condensing agents 

Mention may be made of an inteiesting .MTies of catahlic ri'aetions 
proposed by l)e Hoiste.sselin and Dubo.sc,'* m which met ham* and 
aci'tylein* are used as raw materials It is projiosed to pa.ss methane 
over carbon di'jiosited on co|)pero\ide at I0(i -lot) , when, it is stated, 
cthvh'in* IS obtained togi'ther with some f»f the higher oletines • 

(Hj 1 ;;(’ - 2('di., 

Dubose states that tin* proportions aciiially obtained were 

bth\ leiie . j'cl < eiil 

Hu(\len(' ... (2 ,, 

}(igiuT (iletincs and liydo'L’f II 21 

If Imtylene and acetyleiu* in e<jui\alenl propoitions be pas.sed over 
animal charcoal heated to lot) , isoprene is prodiici-d according to the 
following reactions : 

CHa.ClliC’HofCH Cdl >(’ll,.(’ll.,.(dD.(' ('ll ^ 

(’Ha. 

Ethylene, in a similar manni'r, can be converted intii i.soprene by 

‘ F 1’. 4.t7.'}47 nne ; 15 P. 2471)0/1910, ‘ ItUl. 383. l.'iT. 

3 F P. 4.'i.'W2.7/1910. *FP 14017% 1910. 

^ n.l*. 9219; 1910. 

^ JitihUr, i/j prodvciion, ChfmUtnj, nnd SynthtAtM (Griffin, 191H). 
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interaction with acetylene followed by subsequent metliylation with 
methyl chloride 

GJI CII + GII^ CII> -> GII, G'll G'H CHo '-^ 

G'lfj 0 f'H Gfl, 

Hi, 

From the aliove short review it appears t.hat the synthesis of many 
derivatives of tlie terperies as well as of the rubbers from simple oils 
or tars, throii},di the lutermediarv of diviiivl and its derivatives, is by 
no means an insoluble problem 

Simultaneous hydrogenation and dehydrogenation -Since one and 
tlie same eatalyst ean elh'et both hydrof»eiiatioii and dehvdro}i;enation 
it oufiiit to bi‘ p(»Hsible to combine the two jiroeesses in one o|)CTation, 
the hydrogen for tin* oik process bi'ing produced by the other process 
It IS evident, from the disi iission wliidi has already preceded, that 
Biiceess in such tiansfiT will involve a ihoiee of rea< turns such that 
hydroj'cimtion is possible m the oik' lase at a temperature at wliieh 
deliydioeenalioii wdl nieiir in the otliiT Tlieie .ire sever, d examples 
of such a eombination and the list (oiild doubtless he re.idilv extended 
Z(‘linski and (limk.i' treated iiieihvl telr.ilivdrolereplitlialate with 
palladtimi and obtained the terephthalate ,uid the liexahvdioieKqili- 
thalate 

Ifoesek'en “ studied a similar ease He passed (hlivdrohen/.eiie and 
also tetrahydiohen/eiie over nickel at ISO'" (' He also se.iled iij' the 
latt(‘r livlroearbon with [lalladiiiin fii everv (.ise he ohtaiiusl a 
mixture of hen/etie and cyclohex.ine Zeliuski * has recentlv reiorded 
the same (‘Xperiiiient and lalls the process nn irre\('isihle eat.ilysis 
The “ irreveKsibihlv ' lies in the number of the proi esses iiuohed 
Me_\er and Mekert ' mention the dclivdro^eii.ition of (thyl .ileohol 
to uldehydi' and the addition of Indrouau to beii/ 0 (|umoiie or to 
thviiiocjiiinoiie under the influence (d li^'iit Armslronn .iiul llilditcld 
transformed i yi luhevaiiol by the, action of nickel into cvciohcxanone 
and methyl |dieiiyl propionate Fadoa and Forest i® made a (piantita- 
tive study of the transter of hydrogen from isopropyl ah ohol to diethyl 
ketone and to he,n/a’iie with the formation of dieth\l (arlunol and 
eyilohexane re,spectively. They found etjiiihbna eorrespondmg to 
tliose (ah iilati'd from the Neriist heat theorem Sabatier and Murat’ 
passi'd the vapours of alcohols with henzahhdiyde, henzoplienone, 
bmizvl uleohol, and aeetoplumono over thona at FJO’G, and got 
complete reduction to toluene, ethyl ben/ciie, and diplumyl methane 
Kayser* has patented the hydrogenation of an uimturat(>d oil by 
heating it with borneol or isobonieol in presence of nickel To this 

‘ Jkr'm\, 44, ’ n« inn chim . l'H8, 37 

^ Ufr, 1924, S7 * Moniitih . 191S 39, 241 

» Pm Hm/ .Six' , 1917, WC 3.'2 * -4ll» « Aeaid Unat, 1914, 33 (ii ), 84 

' ( ompl rmt . 10i:t. 167, 1499 , HuU. .s« C’Aiw , 1914, IB. 227 * C S P 1 13474( 
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Hst of examples Milligan and tfeid^ have added the transference of 
hydrogen from an alcohol to an aldeliyde. At ,’1(K) -.‘180^ ('. ovi'r ceria, 
ethvl alcohol gives up its hydrogen to the vapours of aldehydes 
simultaneously passed over tlie catalyst. In this way hen/.yl, })li('nyl 
ethyl and heptyl alcohols and citrnnellol have been prepared. Fouling 
of the catalyst caused its life to be. short. Condensation (»f the 
aldehydes is probably responsible for this. 

Mixed dehydrogenation. — An example of d(*hydroge!iation in which 
the hydrogen comes from two substances .<«imultaneonsly is jtrovid'd 
by the synthesis of amines from aroniatie hydrocarbons and aininonia. 
Thus, benzene and ammonia led through a heated tube yield a trace 
of aniline ; 

Mt'Ver and Tanzen- attempted to make this a practicable syntJit'sis 
bv using a nickel catalyst at TuO' Again no more than a traei- of 
amine was obtained. It can b<‘ readily shown by t lierniodviianiic 
calculation that this is bei'ause the e<piilil>riuni is excee<lingl\’ uii- 
favourable Rowe*’ elaiined the produelion of naphlhylaniine from 
naphthalene and ammonia, in 2 per cent vield, with a nielod calalvsi 
at dOtC (’. H(‘C<Mit efforts to repeat this re.sull 'Inl not l<‘a<) In .micccss 

Starting with acetylene, a reaction invoKing a deliydrogmation lias 
also been reported. Acetylene and aininonia when jiasseil over eontai l 
agents, for ('xuniple, liaiiMie, at dot) (!.. yield aci'lonitrile and 

hvdrogen : 

(UI>fNIi3 ClI,f’N I 11 ., ’ 


‘ J iiK'r ( 'hem. Sac , J H.’J, 44, -< 

./. -SV ( hnn hul. JlL’d. 39, -Mil. 


“ Hn, I'll,!, 46. :J)SI 
' ( f DIM* .KlNlTll 



CHAPTER X 

CATAKVSIS IN NiriMXJKN FIXATION 

Till', phctioiniTioii of r'atalvfic action is to lx* obvrvod in ,ill tho 
tci'linn'iil niollioils cmiilo^ccl foi tlio tix.ilion ol atiuos|ilu‘tK‘ mtr()«;cn 
Whilst sonic met hods, such as the synthetic prodiKtion of ammonia 
fiom its elements or the dins I formation ol e\anitles, are de|iendent 
foi their siueess on theaeti\it\ of partieiiLir eatalvsts. the etln leiiey of 
othi ‘1 ])io( esses may lie iin|)aired, such as the are imdliod ol iirodiienie 
nit lie aenl, oi j'leatly aiieineiiteil, as in the manufacture ol c \anamide 
hv the ])i(‘senee of catalytic aifeiils 

In the arc [iiocess cle\elo[)ecl h\ I’atiliiie the aic is striic L lietwc'cn 
hoin-shaiieci non elcs tiodc's The are is blown iipivaiils between the' 
horns by a powerful blast of air At the tips of the horn the are 
biiTiks and starts anew at tin' base Kossi on examination ot the 
nu'tliod found that the \ields obtained weie lower than those in the 
Biiki'liliul-l'Ade Ol Sc honlieri procesM's, and noted that small paiticles 
of iron oxide weie ejeeti'il fioin the c'h'ctroile surfaces b\ the an blast 
The iron o.xide was toiiticl to acec'h'rate the cleeom[)osition of iiitiic 
oxide at ternpeiatiires below that at winch a frozen '' c‘c[uilibrntm is 
lioitnallv obtiunc'd Be replaeenient of the iron electrodes b\ water- 
cooled alinmmnm horns tins dilhenltx was elnmnatc'd 

The mtiic oxide formed ni the are procc'ss iiiidereoes oxidation with 
the excess ox\_i;eii present in the an to the dioxide, winch can he 
renewed b\ water-seriibhinj' If rc'latixely coiieentiatc'd nitric acid be 
clesirc'd.the piobleiu of aceeleratinff the relatnel} slow rate of oMiiation 
of the nitric oxide aiisc-s Tins reaction is terniolc'cular in character 
aeeoidme to the reaction 

0, 1 2N() 2N(), 

Whilst small traec-s of bromine and ehlorine are said to act as ellective 
catalysis the reactions are involved and do not appc'ar to have been 
stiulied in detail Burdick^ found that the reaction xelocity was 


J Amer Chtm Soc, 1I)2J, 44, -Ij' 
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capable of marked acceleration at surfaces. The relative velocities at 
surfaces of steamed coke, charcoal, and ^dasa arc of the order 
Coke, 3(Xi. 

Cliarcoal, 10,(X)0. 

(Hass, lS-20. 


Syntitbtic Ammonia 

The technical production of juire ammonia hv the catalytic coni' 
bination of nitrogen and hydro^ren must be considered as one of Ihe 
greatest triumphs of modern physical and engineering chemistry. 

In 18(15 Deville^ observed that, the decomposition of ammonia 
under the influence of a spark discharge was never complete, thus 
indicating the reversibility of the n'action : 

2X11., tail, 

The communication of Prof. (’. Matignon to tin' inaugural session of 
the tSociete d(' C'himie Indiistrielle ]tre.'<(‘nts a very great int(*rest to 
all concerned in ammonia synthe.sis in particular, and also in tin' 
a]jplication of .science to iinlinstry in gein'nl Tin', communication 
records a research into the scientili<' literature and more especially 
tin' ])atenl literatun' concerning tin' production (d ammonia from its 
('lemeiits. 

.\ resume of the patents as .set forth hv M Matiginm may he given, 
Dufresrit', in 18()5. took out a British patent, ^ in the name of Pliarles 
Tellier, for the pn'paration of (ixygen In the patent it is stated that 
‘‘ a large quantity of nitrogen is liherated m these operafitins To 
utilise this gas, 1 jias.s it over sjiongy iron heated to redness and which 
ah.sorhs nitrogen, In thi.s state I then pa.ss hydrogen over the com- 
hinati(»n of iron and nitrogen thus formed. Deconijiosition is immediat.c 
and the great quantity of ammonia thus produced lowers tlu' jirice of 
oxygen " 

Tessie du Motay'* took out a jialeiit for a <'ontmuous jirocess of 
ammonia synthesis. The productimi of ammonia was to he j'ih'ch'd 
hy jia.ssage of hydrogen and nitrogen alternately over tubes containing 
the nitrides of titanium lieated to redm-.ss. The nitrides T 13 N 2 and 
TiN, heated with hydrogen, yield ammonia and the nitride TijNg, 
which is reconverted by nitrogen t(» Ti.X and Ti^Xj. 

Charles Tellier ^ proposed to unite nitrogen and hydrogen liy 
alternate passage over heated iron. Spongy iron is recommended, tlie 
twm gases to be obtained by the re.sjiective actions of steam and air 
on zinc. 


> Compl. rend., 1S6.5. 60. 317, 

> F.P, 92346; 1871, 


* No. 18.3.3 
« F.r. 1.38472/I88I. 
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Th^ jiatcnfs of the Societe Azoto do Pans representod by Cliarlrs 
IVlIiiT * <‘inl)od\ tho following claiiris (1) Tlic [(reparation of nitrogen 
and liyilrogeri by tln> respeetive action of air and steam upon zinc 
t2) Tlie .ilfi'rnale passage of nitrogen and liydrogen tlirmigh heated 
vessels filled with spoiigv titaiiiferoii.s iron to produce ammonia 
(3) The employmimt of jiressiire iij) to lO atmospheres, using heated 
vessi'ls containing [datiniim deposited on pumice or charcoal (4) The 
use of litamb'roiis iron admixed with another metal 

Hamsa} and Young, m IH84, lecorded the formation of , small 
ipiantities o| ammonia 1)> pa.ssage of nitrogen and h>(lrogen over 
heated iron win s 

'\n \ustriaii patent of lllavati- daimeil the sviithesis of ammonia 
bv passage of Ihdrogen and nitrogen through a heated chamber con- 
taining as latalyst a mixtiiK of titanium or titamfeioiis bodies in 
admixliite with platinum supported on poioiis mateiials 

A Noiwegian eompaii} Christiania Minekom|ianie, took out the 
Freneh [latent No 22r)IH3'l8!)fi with se\eral iin[iorlant elaims Nitrogen 
and hvdiogen were to be jiassed through he.ited \essels containing 
titaiiiiini prcdpitated in a tinely divided (ondition on neutral siippoits, 
with or without the addition to the titanium ol platinum m the platmuni 
metals . Iiirthm, the titanium could be lepkoisl by bismuth, antimonv, 
or iilkah Ol alkaline eaith met.ils, but m sm h cas<'h platiuuia and the 
platinum metals vv<'re to be emploved 

In 11)01 IjC Ch.iti'lier patented * the (|ire( t i ombination ol hvdiogen 
and nitrogen, in w liieli he speiialh ( hums the use ol high pressiiies up 
to loo atmos|)h(>res m onh'r to lai dilate ( ombination con|iled with 
the iisi' ot appropriate ealalvtie mateiial 

IVrmaii noted the adnilv ot ndiiced non (opper /iiu , (obalf, 
nndo'l, palladium, etc in pionioting the (ombination of nitrogen ,ind 
hvdiogen and showed also the adv, ullage ot pie>suie 

in loot the siibjed was again taken u[i bv Jlaber and his co- 
vvorkms, espeiiallv \aii t)ordt ,ind be Uos,signol,^ and was (arried to 
the stage ot a (onijileO' leihiiKal success by the Ihidisi he Amlin- mid 
Soda-Kahiik at Ojipaii 

liabi'r .it lirst iiivestig.ited the e(|uilil)rium (onditioiis obtaining 
betwium a imxtiiie of mtiogen. hvdrogen and amnioiiia at varving 
fe III pt'ral tin's haiuilibniim was obtaiiu'd bv the ji.issage of mfrogcii 
and hvdrogen over vaiioiis catalvtic materials and was abo aimed ,it 
fiom tlie other siih' bv the decomposition of ammonia \s cntahtic 
materials, iron, nickel, (hroimum, and manganese were used at tem- 
peratures Hinging lietweeii 7tH)' and lOtHV’ 

The most recent deteimmatioiis of the ammonia cijuilibrium over 
a wide range of teinperatiirea and pressures have been earned out by 

' II K n I7O70 IS, SI ^ \uar l‘ Sj, si.18, I8l»,) ’ t i‘ tlW) Utnl 

* ZnlKh awry r/irm , lUOV 43 111 Her 1907,40, ’144 Zntnh Hdlrochtm. 14, 181, 
513, 1908, 1910, 191,1 , also Kiglilh liil ( ongress Ajip Chem , Nt » V ork, 1912 
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Larson aiul Dodge ^ and by Larson.- From these' data, and those of 
Haber at 3U atinos{dieres. emjnrieal eejuations ha\e be»>n e«>nstrueled 
to yield the value for the equilil)rium e-ons(ant. K at anv temperature 
aiid the four pressun's, ;]<h :t(K), OlK). and Hkh» atmosp’heres If tlie 
equation has the general form 

7’ ‘ J '/'/’■ I f’. 

the coelHcients and constants ha\e tin* lolhiwnig \ allies • 
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Habers results, indie ated that his figures were suinewhat loo high, ami 
conducted a series of exjiennn-nts at high pressures (\iz 70 atriio- 
sphen-s), wlu'n. as is indicated from the ('epiilibnuni <-quation great e-r 
(piantities of ammonia are formeel Haber repeated these exfieimients 
at 3<l atmospheres, and it was linally shown that Xermst's figures w'ere 
the mori’ correct. 

The Badische Co. operate two jilants for ammonia .syntlie.sis The 
original plant, at Dpjiau. was commenced m I'.lld, and was extended 
during the war years, so that by HH.S the plant had a ca[iacity of 

* ./ Amn. rhfm. Srjr , HC3. 45, 2!»18. ^ //;(-/, ia21, 46, :H57, 

® ZdtM'h. EUktnxhm , 1907, 13, 521 ; I90M. 14. 37.3 . 1910. 16, 94. 
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200 tons per (lay The Lcuna plant, at Merseburg, was erected m 1916 
and had a caj)a(ity in 1921 of 400 tons of ammonia dady, to be raised 
(o 8(KJ Ions ]ier day when eompleted The combined output of the 
two works IS ader|uiite for the fixed nitrogen requirements of Germany 
when supplemented with other internal fixed nitrogen requirements, so 
that Gernmny may be regauled as independent of foreign supplies 
I'arlingtoii ' 1ms gneii a condensed summary of the details of the 
()])pau plant, including the provisions for the manufacture and purifica- 
tion of the hjdrogen-iutrogen mixture, data with respect to the 
sviitliivsis bombs, recovery of the ammonia produced, power require- 
ments, and |)('rsonnel His outline may be taken as tyjncal of the 
process as oj'erated at Merseburg, and, jirobably, at the post-war 
I, i( lories of the General Chmmeal Gonqiany at Syracuse, N Y , and at 
Hilhngham, England, the factory of the Brunner-Mond Gorpor.ition 
^ j’aitinglon ^ utes the main difierences between the Oppaii and 
Merseburg factories in a subsecpii'iit article 

The solution ot the problem of a siiitalile catalyst for ammonia 
synthesis a]tpcars to have Is'cn found in the use ol some form of an 
lion catiil}st The iiflivily of such a catalyst is greatly dependent 
oil its method of jirepaiation, together with the presemee of oertain 
jiromoters and the entire absence of certain catalyst poisons Whilst 
the patc'iits of the Biidiselic' Go indicate that pcomolers such as molyb- 
clennm, tungsten, cobalt, and uranium mo) be used in considerable 
proportions m an iron catalyst, tc'chiiieal practice sc'cms to liave made 
use' ol an iron eataUst eniitaimiig only small amounts of [iroinoter 
oxidc's, sue h as alkalis, alumina, and the like Extensive invivstigations 
of the projmities of such iron eatal)sls iiiich'r \ar\mg pressures, tem- 
pc'raiures, gas vcdoeities, and terlmieal [loisons liavc- been nqiorlcs! by 
tlie reseureli workers of the H Fixed Nitrogen Keseareh Laboratonc'S * 
These rc'sc'arelic's have hsl them to the ecmcliisioii timt tin' moat active 
tc'chnical iron ealaivsts are to be prochuc'd from a fused iron oxide 
eontiunmg small jjmoimts of hoik acidic and basic oxide jiromoters, such 
as 0 5 per cent alumina and 0 5 per cent potash 

Claude process. - Glaudo has developed a proec‘ss of umraoma 
syiitlu'His from the elements of which the predominant dilTorcmee from 
the ilabiT process as operateci in Gerrnanv is the mtic h higher pressure 
used by t'laiicle Foi (Ins change a most far-roaebing and fundamental 
mqiortanee and distiiietion is elaimc‘d ’ The table, alrcvuly given, of 
the variation of equilibrium concentration with pressure at various 
tonqieraturc'S will show the advantage, as far as pos.siblo, ammonia yndd 
))er gas passage, wlneli can be aelnevc'd by operating m the range of 
pressures suggestc'd by Claude, O(X)-ltXX) atmosplieres as opposc'd to 

’ ,/ .S'lif Chem Ind ll)*’l. 40, US)k * J Sw <'han hul , W, 144r 
’ « l> .’6107. 14/li/ll iftid illfll, 2.V0/11. 

^ (%m and \ui Eng , 102i, 26, 49\ 60,5. 688, 647. m 
" West, J, Idoc am Ind, lOil, 40. 420 b 
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„ the 200 atmospheres normally used in the Ilaher proces^i. At 0(V)' C. 

’ and at tK)0 atmospheres, the pressure used hy ('laude. a ‘M) per cowt 
conversion can be theoretically attained as against a possilile 9 p('r cent 
conversion at 2U0 atmospheres. 

The advantages claimed for operation at super-pressure.s of the 
Claude type are several. The power eost.s for rompn‘ssion vary as the 
logarithm of the pressure, .so that the power nvpnred for compression 
to 1000 atmospliere.s is only .ot) per cent greater than that nspiired for 
compn'ssioii to 100 atmospheres. Owing to the small voitime.s occupied 
by the gases at these high pre.s.sur('.s the apparatus as a whole is propor- 
tionately smaller and the tonnage of .steel involved in unit jiroductnm 
of ammonia correspondingly low. .V gri'ater ease in maintaining the. 
reaction jirocess autothermally can be anticipatcal. owing to tlu' high 
conversion factor, the e.xotherrnicity of th«‘ .synthesis process providing 
the neces.sary heat. Tin' yield of ammonia per unit <if eatalvst, olln'r, 
things being eijual, will also be higher in tin* (’laude process, so that a 
.smaller amount of eataly.st and smaller eatalvst units }>er unit produc- 
tion should olitain. The low ('(inver.sioii ellieieney iii the Ilaher pioee.ss 
eom])els the adoption of a eiri'uiatorv .system in which tin* gas('.s after 
being freed from ammonia are retunn-d to the ineommif gases In the 
Claude proce.ss the yield is suHieiently lugli. .-^o that, tin* bulk of (he 
ammonia may he li(piefied by cooling the ga.ses and t In* residual unimonia 
with uneiianged nitrogen and hydrogen max be then jia.s.sed lliroiigli a 
further catalyst unit where fiirtln'r ronve’-sion occurs. Thiis, with a 
small number of eataly.st tubes m series with each other a conversion 
eflieicney ajiproaching 9(1 per cent can be n'adily achieved without any 
eireulat(»ry jilant. The adverse elfeet of diluent g.iscs on tin* equilibrium 
attaiiK'd at a given jin'ssure can also lx* shown to Ix'coim* propor- 
tionati'ly le.s.s as the operating pr<'.ssur<' iiicrea.scs. It .seems tlicrefori' 
that the po.ssibility extsts of emphiymg siicec.ssfullv, when operating at 
sujier- pres.su re.s, a nitrogeii-hydrogi'u miMiire of a lower onter of puiity 
than is employed in the operation of tlm ll.iber |)roce.vs Tin.s forms 
an iti'iii of con.siderable iinportaiu'e in tlie econom\ of (lie proei'ss. 
since it i.s in purification that the liigh cost of tin- mtrog<*n-hvdrog(‘n 
mixture occurs. Claude propo.si's to use liydntgon fr(»m coke-oven ga.s 
which will contain nut only 1-2 per (•••nt carbon monoxnh' but also 
saturated hydrocarbons. In the first nmt of the .synthe.sis proees.s, the 
carbon monoxide is hydrogenated to methane in pre.senee of spent 
cataly.st, the w^ater and any ammonia lormed being removed prior to 
the entry of the gases to the catalyst unit proper. We.st * has given 
diagrammatic arrangements and plant defalks for such a rm'tliod of 
operation. Technical devidopment is in progre.s.s in Franep It was 
started in England but ha.s been discontinued. Technical dcvelojt- 
ment in U.S.A. has been undertaken by L’Azotu, inc , at (’harleston, 
\Y, Va. 


^ Loc. cU. 
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ThK ('A’IAIASTH TMrW)U'D IN TIIK PltEl'AUATIOX OK C\ANAMIDE 

In 1H04 Moissaii showed tliat calcium carbide when pure could not 
absorb iiitroj'cii’ u|) to I2<X)‘', but iii the ne\t year Rothc and sub- 
.se(|ueiitl) Frank and Caro noted that technical carbides containing the 
usual ini[)urities showed that rajnd absorption (ould be obtained below 
1100 , and thus laid the foundation of a very large industry If was 
at once evident that the [uesence of catalvtic siibslarices materially 
hasleiied the process ol absoiption and permitted the reaction to pio- 
leed at a lower teuijierature This latter [loint is specially important, 
as the absorption of nitrogen by alkali and alkaline caibides proieeds 
by two reversible nsiitjons 

CaC, i-N/:^CaCNVC, 

Cat', cN/ -v<'‘i(<'N)o 

Till* ipiantif V (d ( \amde fornieil alwavs increases as the temperature 
IS elevated, but is practiiallv negligilde m amount for lahiiim carbide 
lip to Hot)’ Any eflei five loweiliig ol the Iciiipeiat me eiilploV ed will 
thus elicit an eioiiomv m tin utilisation of lioth heating energy and 
nitrogen, as well as a simplifuaf ion ol tin tei linn al operations 

It was not until I'ton, howevit, that the utihiv ol adding any 
speiifn ealalytic matenal to hasten tlm absorption of nitrogen was 
suggested Carlson' pioposed the use of laliiiim lliioiide, and 
i’ol/eiiius that of the chloride 

The snbjei t was laiehillv investig.ited bv I'ndigaiid Fiaiikel.’ w ho 
determined the elbi t ol the addition of Id pet leet ol latalvtii material 
on the ipiantilv ol mlrogiii absorbed in two hours at various tnu- 
peiatiires At the addition ol Id p, i lent ol lahuim < liloridi 
eilei ted a 22 per i eiil absorption whilst Id per i cut ol lithium i hloridc 
elicited 17 per lent absorption, the eaibide alone oiilv absortinig some 
3 per unit The r blondes ol the othei dements ol the alk.rlis and 
alkaline earths were not so in live, their elluiencv tailing oil with the 
increase in their atomic weights 

Fioin tlii'se <ind other investigations it appeals that the ehiof 
fnneiion ol the eatahst is to ad as a fnsihle solvent tor the eaieuim 
( arbide Not oidv does the absorption of nit rogen proi eed more rapidly 
in the Ilux, but at the .^ame time licsli supfacev of the mifused calcium 
carbide are expressed to the adion ol the nitrogen by the removal of 
the reaction product, s According to Foerster and Jacoby the un- 
1 hanged lime in the commercial carbide also exerts a catalvtic activity 
by pioducmg imipicnt softening at lUX) . thus ollermg an cxpiaiiation 
ol Moissaii’s results ('alcium chloride has a greater solvent adion on 
the caibule than ealcium fluorido, jiossilily on account of its lower 

Cumiil miJ 181)111118 ' ( km Z,it I'lilC,, 30. dUl 

’ Zfit^h Eldtruchm, 1007, 13, b9, bOo, I9CI8, 14, ,V65 
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molting point, and is thus a more (‘tl'octivo catalyst, being generally 
enij)h>ved in a quantity not exceeding Id per cent by wt'ighl of tfn‘ 
cruslied carbide. 

The use of potassium carbonate (t per cent) lias bciui suggested by 
Pollaci.^ whilst recently the use of tin* relatively cheap .'^odiiiiii chloride 
lias been advocated as the most suitabh- catalyst for t)peratioii on a 
technical scale. But little is kqown about tin- solubilities of caleiinn 
carbide, cyanamide. and nitrogmi in these various .solvents, and no 
deterimnations appear to ha\c been nuoh* on the velocities of the 
reaction in such solvents, subjt-cts which might \ery wa-ll repay 
invi'.stigation. 


('at;\t-vsis in Tilt; Piu-:r\i{ VI luN ok NiiitioKs 

The unlv technical production of iiitrnh-s fonn at inosiilieric nitiogen 
was acconijdished bv Serpek in the Sa\o\ Altlioueh eerlain ditli- 
ciilties niilitati'd against tin* economic siiccies.s of hi.s eailier plaiits, yet 
on account of tin- apparent po.s.sibilities of some such piocess, some 
allusion mu.st be made to Seipck's work 

Serpek's process was baseil upon the tollowinii reactions, obtaining 
ahiniiiiium nitride bv tin- simiiltaneous ledoition and a/.oiisation of 
the oxide : 

2A1,0, 1 bt’ ^ ^ 1 \1 ) »)CO. 
lAl t " M/’,. 
iA! 1 ^ l\IN. 

f'aro s investigations have shown that the disso< lation teiiipcrat iio' 
of the nitrid(‘ is higher than that of aluminium i-arbide. and eoiisi-- 
(juently the nitride is actually formed through the mtermediaiv ol the 
imdal 

The optimum teniperaturc lor nitiog<‘!i absoiptmii was found to be 
lietween b^dd and I'.tdd . above 2<HHi disso< latnui ol the nitride 
comnieiice.s. 

Serpek's later experiments indicate that the temperatun- for rapid 
azotisation could la* con.snler.ibly ledined bv tie* addition of certain 
catalytic iiiati-rial. Mis earlier claims as to the etli(acy of the adilllioti 
of small quantitn*s of hydnahloiic aeid or sulphur <iio\ide t(j tin* 
nitrogen could not be sub.stanliated, but a .small <juantitv <»f hvdrogcn 
appears to exert a considerable catalylie activity. .More important is 
the addition of cataly.sts to the .solid reacting phase, .siicli as the addition 
of small quantities of ^•«)pJ)cr, iron, or manganese to the alumina, 
Scrjiek olitained good results w’ith natiiTal Krench bauxite rich in iioii. 
Tucker and Head confirmed tlu'se obscrvalion.s of »Serj)ck, hiaiikcl t 

> Kldin^htm , 19U8. 14. * Tmns. AtHtr. Klutrochan XV, ItllU, 22, 87. 

» ZnUch. Ekktrochem., 19, 
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rondiictcd a acrit"! of « A'lXTimcrits on the relative activitiea of various 
foims of (urbon, and arrived at the coiieliision that finely divided 
carbon, Hiicli as soot, was most eflective, rajiul absorption takiii<f place 
between l.VHj and lb(K)“’ 

It will be noted that if the senes of reactions given above actually 
represent the various eijuilibria between the different phases, then the 
ratio 

((;(!)« (CO)’ 

(NJ’ " (NJ 

should lie constant 'Plus was actually shown to be the ease by tins 
investigator, who found that with increasing tempeiatiires tlie eqiii- 
lilininn eoiieentration of carbon inono\ide rose, as is indicated in the 
following table Total pressure, 1 atmosjiherc 


'I'l nUiim 

K 

I'lr ('ll i;(|iii- 

(.Ns) 

llliouiii (Ml .ill logiitis) 

1500 

500 

.it 

1()00 

4, ">()() 


1700 

It), 00(1 



It will be notnl that lor low-temperature operation the gas must be as 
flee as possible from (arbon iiiono\ide, thus limiting the employ merit 
of generator gas as a soun e of nitiogeii 

The Radisdie Co , in a senes of pah iits,' piohs t the use of eatalvtic 
agents rather than copper and non, and more espis lalK IIk- ovules of 
those elements whu h form stable nitrides, on ledut turn and a/olis,ition, 
such as chromium, uranium, vanadium, mol\ bdeiiuin, /anoniiim, 
titanium, and siluoii 

Cai\i\.si.s i\ ('\amoh h'ouM viiov 
III bS.’fa Dawes iiotid the formation of i v.imdes in rhe blast furnae(‘, 
and the investigations of Ibinseii and Plavfair" showed that these 
C)amdes were produced by the interaction of atm(Ks])heue nitrogen 
with potassium salts and carbon present m the furnace Tlie formation 
of sodium eyaiiide occurs according to fhe following eqiiafion 

Nn/’(>, + 4C t 2NaCN f-3('0 - 138, otK) cals 

\’erv mail} attempts to make a teehmeal application of this reactioi 
have been made As early as 1843 Posso/, and Ikussiere erected sma! 
factone.s at Grenelle and at Newt'asfle. The process faded on account 
of the action of the materials on the containing vessels at the liigh 
teinjjcratures employed. 


D R 243939, 235300 tl nq 


* Htp Bnt. Afjoc. 1845, 185 
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That the liigh temi>erature necessary for reaction was the funda- 
mental disadvantage of tlie process was <juickly rcali.se»l. and we lind 
iiurnerous suggestions for overcoming tins dilhculty. On the one hand 
We lind attempts to replace the sodium carlxmate by harium earhoiiaie, 
made first hy Margueritto and Dc Sourdeval m 1802 and reinvest igati'd 
by both Munro and Headman of the Scottish Cyanide Com})aiiy. A 
hiLdier yield of cyanide at somewhat lower temjieratiires is undoubtedly 
obtained, but the process appears to be uneconomic from the industrial 
standjioint. 

In 1830 Thompson directed attention to the catalytic eileets of 
finely divided iron in the original reaction, and the catalytic edects of 
other imdals, (‘sj)ecially manganese and chromium, were noted by 
Margueritte and De Sourdeval in 1800 and by Swan and Kendall in 
1845. In 191 6 Hiicher ^ reinve.stigated the original claims of Thompson, 
and the ft.Kation of nitrogen as cyanide by thi.s method may be said 
to be industrially suctM'Ssful, although the great potentialities in the 
method have not yet been fully d«*vi'loped. 

In the absence of a catalyst, tempc'ratunvs (tf the order of I liH) 
are required. If any form of gas heating be employe<l the dilliculties 
in maintaining retorts intact at this temperatun' are extremely great. 
Eleeti'U'al heating is better, but uneeonomic exiept in eertain districts, 
The mixturo when fused is highly plaslie. and runs over the metals 
employed with gieat ea.se. Tin* t wo important inodilications int rodiiet'd 
by Bileher were the brnpietting of the rc.aelioii mixtuiv of sodium 
carbonate coke and metallic iron. In a stream of nitrogen or pro- 
ducer gas, nitrogen is readily absorbisi at from 92t)‘*9r)0 ('.. yielding 
liriipiettes containing 20-30 p<‘r cent ol smliuin cyanide. 

Tli(‘ cyanide may be directly converted into hydroe\aiiie acid or 
to ammonia Ijv treatmmit with steam, aceiirding to tin* reaction 

Xa('N t21HO ->ir(T)ONa i Mb,, 

or it may be leached out with Inpiid ammoniu,” m whieli .sodium cyanide 
alone is soluble. 

A pure b)rm of carbon is mrtcs.sary '* materials jiroducfsl by the 
thermal di.sintegratioii and partial combiisliori of h\droc,ifbons or from 
carbon monoxide, according to the reaction 

2C0 -4’U, t (', 

being more effective than coke, 

> J. Ind. Eng. ('han., 1917, 14, 543 , Mti. and Chem. Eng, liUC,, U, r,\:i 
* (’Iftiicy, Md. and Chem, Eng , 1920, 22, S.i(}. 

* Thompson, Md, ar^ Chem. Eng,, Hf22, 26, 124. 
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ll\ bRA'IIOV, ll\ DKOIASIS, AM) \t,C 01 l()!,\ MS 
ll\ DKM'lON 

SiMi'iJ'; hyilt!i(ii)ii, or flic dind ,ulilifioii of w.ilcr liv (‘oni|ioiiii(K, ih ;i 
riMctioii ttliidi III cciluin discs iii.iv lie jiroiiiotcil ii\ cat.ihiu acctits 
111 flic niaiii, Hill li rciiitioii.s aic toiiliiic<l to (he lix.ifioii ol ttalci hy 
iiiiHaliinifcil 01 came i oiii|ioiiiiils imIIi tie loodm timi of o\\ ccii-i oiilaiii- 
iiic (Iciidilids Thus lioiii iiiisatiiiafcil li\<lio(ail)oiis, iiholiols, 
ithiclidics, mill kcloiics m,i\ risiilt Similarh, (.iicliil lidliatum of 
(criaiii iiifnlcs will \ichl Ihc rorics|)oii(|)iic aiiiidcs, ami iii a t<‘u cases, 
the hdll.ition ol imules has heeii tioleil \s a ( lass, (atahtii hdhalion 
jiioi esses lia\e. Iiillierlo, lieeii iiiiiiii|ioi(atil tei him all\ hut iiieiit 
ileielo|imi'iils iii (he sviithetn jiroilia turn ol aholiol from lailmle as 
sliiilll)c-|’"'''* '"'‘'i n''* '' dUisuleiahle iiii|)oitami iii future 

a|i|)liealioM 

As with the |I|0( esses ol hdlrollsis slihsi (|ii( lit i\ to he flcMIlheil 
till' miiieial anils ,iie adne agents m |)roiiio(iiif> e,ilaldii hnlratioii 
The traiisloi mat loll ol isohiitv leiie to Irmietlii I carhiiiol is ai(om|)lishdl 
III llieeohl 111 |>ieseme of sul|)liurii anil of moileiate liilulioii ‘ 

('ll, 

('11,1 ll^O (' OH 

('ll, 

Marlier si ill the .uhlilimi of w.iter (o [iiiieiie vvas shimn to oieiir m 
jiieseiiee of dilute iiitm acid - 

Oi«H„. .;H 4 ) -^ 0 ,„Hm 0 , 

Siinihiilv, livdroehlone ai id ai eelerates the addition of wati r to < rotoiiic 
aldehnle ’ ai cording to the ei]ita(ioii 

• (’ll, ('ll ('ll (’HO ( H/) -vCH, ('II 011 ('ll, ('IfO, 

di'hling the conos|Hmding ludrowhiityric aldelnde The |)roresses 
of Wilson ami Mill), [irc\ loualy cited lu the discussion of hydrogenation 

‘ Itiitliruw ,liiiH(/i« 18s7, 144 * ttigdtri, Annulta, 1840,67 JIT 

’ W nrl/, Hull Sec <'hm . 1881 (u ), 4*. J80 
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of (Ills, also to this class of n'ac^tiou. since, under Die inlluenco 

of ^iiljiliuric acid, iso-ol«‘ic acid, wliieh is litjiiid is traiisfonned hy 
addition of water to solid oxysti'arie aenl * The reversibility of certain 
delivdrarion processes catalysiMl liy acids, as, for example, the catalytic 
(^inversion of hvdroxv-acids to lactones, also points to tlit' catalytic 
activitv’ of acids in simple hydration |irocesscs The case of y-biityro- 
lactont' formation from y-hydroxyluit viic acid studnsl In Hmiry - is an 
o\am[)h' in point, dilute* acids beiinr the ('atalytic airi'iit ; 

CH...{Tl„.C[L.CO 

‘ I -i iij) (’H, Oil. cn,. ('ll,, .coon. 

0 

The point has leci'iitly been speciallv t'-sted by .loliaiilisoii and 
Sibi'lius'^ with (‘onfiniiatory rc.siilts allhoU‘:li a innarkable conclusion, 
liowcM'r, is readied m that the hvdration of ^Mactom-s i.s apparently 
not catalvsed b\' hvdroeeii lon.s Nnr. as was di'inonsl rated bv Hivett 
and Sidewick.’ is tli* hydiation ol acetic anhvdride catalyticallv 
at celerati'd bv hydroeiui ions 

Synthetic alcohol. I n t he de\ elopim'nt of piocessr.'- bo t he sent het ic 
produetion of alcoliol. the possiliilltv of iililisint! a pioei-ss ol hvdiatioii 
lias been stiidn'fi The msessilie.s ol war and the ereal i<‘(|iiirenient of 
alcohol bo the maiiiilactnre of niuiiil imi.s lias .stimulated investigation. 
In IdiLdaiid. aholiol i.s inainlv obtained In lerment.ition processes from 
In (lerm.iiiv. produetion from potaloe" b\ .i eombtin'd hydro- 
Ivtic and lermeiitat loll pro<'ess has been laieelv used in adilitimi to tin' 
iiraiil fiOiiK'lit at loll proee.ss | lir I nilt'd Mates lia,- developed a eom- 
limed bvdrolvtu and feimeiit.ition pfoce^s ulilisin}/ sawdust as sniirei* 
ot ( arbidivdrale. whilst tin* Scandinavian countries and. iiioic recmitly, 
(boniaiiy have devoted attention to alcohol rc<ov(‘rv from the wa.sti* 
Inpiors in tin* sulphit(*-cellulo.se j)roe(‘'«s Neverthele.ss, the demand for 
alcohol IS increasing so rapidly, iinoc esped.dlv with a view to its use 
as a fuel for internal conihustion enemc'' that the synlhetie joodiietioii 
from cheap carbide is not wilboiii mdiislriai possibililn's Iiideid. it 
has been recentlv stated that .-in ce,.sful produetion lias now lor some 
tmn* been carried on bv tin- lloeehst Karlivvrrleii m (b-rmany, and 
t hat a Swiss conpiaiiv, t lie Loii}j[a Kleet in it v W <irks at \ isp, Swit /.cr land, 
cov'enai during tin* war the alcohol rc.piiK'iiicnt.s oi their country with 
tin* synthetic product Tin- con-tumption of mdii.stnal spirit is mcreas* 
inj: rapidly m Knpdand. and readied in I '■•lb lUl i a total of upwards of 
four million gallons. It is obvious that the development of a .synthetic 
proi'ess is of considerable importance in Knelaini also, as tending to 
economy in the utilisation of [lolentiul foo«l .sUjiplieH during perioils of 
stringency. 

Acetylene, obtained from calcium carbide by treatment of the latter 

' SavtzrlT. ./. pr. rhnn , 188S (ii ), 37, 284. I'hnn., IH'.U, 10, 1/8, 

Un . 1018 . 61 . 480 * J- 
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With water, is tlie .start iiiK-pcmt of the synthesis as developed in 
(h'ltDcUi) and .Switzerland Hy a latalytie process of hydration, the 
a( el V lene is ties t ( (inverted into acetaldidiyde according to the eipiation 

CH (III sHjO-CHj CHO 

The operation i.s pre.suniahly a two-, stage reaction, the un, saturated 
ahohol fir,st piodtned hv simple addition of water cluiigmg by the 
ordinary shift of the labile hydrogen atom to an aldehyde, according 
to the Hidieine 

('ll 11 CH, 

'' • I --> II 

('ll Oil CH OH 

Tlie aldehyde thii.s ohtained is available for hydrogenation to yield 
iil( (ihol (p 251 ), 01 , aliernativ(‘ly, may he oxidised to acetic acid (p 209) 
for utilisation as such, or for suhseijuent conversion of aietie aeid to 
acetone (Chapter XII ) 

Various catalytic agents in dillerent media have been suggested 
with the view of aeeeleiatmg the hydialion of the acetydeiie Kspei lall) 
m most relent yeais has the patent literatiiie of this p[oees.s giowii 
In the mam the viuioiis proposals suggest the eondmt ot the reaelion 
by leading tin* gas into a watm Ii(|nid medium getiendly eontaimiig dis- 
solved in it a .suitable melallie salt to ai t as aeieleiator Thus, aeeonl- 
ing to the (Jnesheim Klekfion ('o 's Kremh palmil No (712-l()l 1915 
the ai etyleiie 1.S to he led into hot 20-25 per cent siilpliiirK and, or 
.‘10-.’15 per cent phospliorii aeui, or orgunn siilpliome acids, nil m 
piivseiiee of the corresponding inereiir} salts The British patent 
No 51,12/1915 suggests the passage of aeeuleiie into glaiial ai etie acid 
at (s0"-9tC (■ontainiiig a dis.soIv(‘d mercury salt, the neees,saiv vv.iter to 
be added as recpiired Meisli'r, Lueiiis, and llrumng in I S patents 
1151928 ami 1151929091.5 suggest the addition of ferric s,ilts, ec/ 
sulphate, to the and .solution of the mercury salt, togiOher with a 
hevavaleiit chroiimim eompoiind, cc/ cdiromie acid, in order to hinder 
the sejiaration ol meieiiry from the solution J) R I* No 29, '1070 191(1. 
of the Hiime firm, recommends as medium for the process metallic 
uieieury m dilute acids The I’moii (’arbide Co, in 1’.8 patents 
Nos ]21‘M8() and 12l.l487/lill7 claim the passage of aeetviene into 
a solution of dilute sulphiirie acml, a mereurv salt, and the salt of a 
weak acid, ri/ a borate, or, alternatively, into a solution of the 
mercury salt and the acid salt of a stiong acid, ego, bisiilpliate The 
French patent, No. 47905(1/191(1, of II Dreyfus claims the pa,ssage of 
acetylene and water into solvents, (a) in which the mercury salt is 
soluble, e g ac'etic acid, or (h) m which acetylene i.s soluble, e g aectoiie 
The ahleh) do formed is to bo converted direct into arctic acid bv means 
of oxidising agents or by air in presence of catalysts such as cerium 
oxide, vanadium pentoxide, copper acetate, permauganates, manganese or 


CH,, 


CHO 



^IITORATION, HTOROmiS. ALCOHOLYSIS ;* / 3113 

copper nitrate, or platinum-palladium spontfc. The oxiilation to acetic , 
acid is also claimed in the Hadiscbe Co. s patenl. 1).1( 1\ 1917, 

using atmo.spheric air in presence of iron salts and organic salts 
of alkalis and alkaline earths, including magnesium and aluminium. 

It is claimed that in this way the oxidatnm pr(ar<‘ds in the cold and 
no per-acids are formed. It is the formation of tlicse latter which 
renders dangerous and uncertain the ojx'rations at jin'seiit in use 
technically for the conversion of ald(divde to acetic acid, in which 
oxvgen under pressure is used as oxidising agent in pn-sence of such a 
catalyst as manganous acetate. 

Ethylene as source of alcohol. - Ethylene was prepareil pure from 
ethyl alc()hol as early as 1795.^ Its rehvdration in presence of sulphuric 
acid was studied by Henneir“ in Faraday's laboratory. It was re- 
announced by Bertlu'Iot^ in It^bb, and an attem)>t at large-scab' pro- 
duction from the ethylene in illuminating gas was attempted in bHblb 
This projiosal has been recently n'vived in Englantj by lliiry and 
Tidmaii, and operation has bei'ii atteinjited on a large .scale at Skiiinin- 
grove,* Absorption of the etliylein' was tlii're cariu'd out with 95 per 
cent acid at C. To recov(>r the alcohol, dilution of the aciil is 

nece.ssarv. This constitut«*s oiH' of th<' princijia! di.sadvantages of the 
process. If the acid is diluted to hi per et'ot and distillation then 
undertaken, all the alcohol can be distilled. Iea\ing a sulphuric acid 
of per cent strength. The bulk of the alcohol obtained is in tin* 
form of a 15 per cent distillate. 

With stronger sulphiirii' ueid as ab.soiption agent there is a decidt'd 
inereasi' in the production of diethvl .sulphate from ethylene gas. The 
manufacture of this pnaluct, from (‘ihylene m " ( raeked gas' for uso 
as an ('thvlating agent, has been patented bv Curnie'’ and its iisi's havi* 
been detaib'd by ( 'urine and ('uriiH'” 

The velocity of absorjdioii of etbvbuH' in dilute sulpburic acid can 
be augmcnti'd bv the addition of various substances to the ncirl.'^ 
Cuprous oxide, wliieh is transformed by tlie acnl into < ujtrous sulphate, 
is the most etlicient among the substances used. In an earlier paper 
Lebcau and ])amiens^ had suggested addition of nuTcunc .salts and also 
solutions of vanadium penfoxide or iiranyl Milpliate. i*lant and 
ISidgNvick ® found that ethyl hydrogen '^iil]>hatc has a distinct, aeceleratmg 
elTcct on the ab.sorjition proce.ss. 

Isopropyl alcohol from propylene. TIk* .same rea('tion ran be apjilied 
tn propvlciic, an im})ortant constituent of eraeked gas from petroleum 
distillation. Mann and Milliams discovi'red that a mixture of a 
mineral oil and sulphuric acid promote.^ (he formation of esters, and 
this factor has proved of importance in the develojunent of a [iractieable 

' Ann., 179.5, 2, 19C., 3ll», 4.10. * Phil T ran» . 1S2S, fi. 24o ; IS2H. .'lOrt. 

» Compt. rend , IS.^.I, 40 , 102. ‘ ■/. . 1021. 40 , HOt. 

* CS I’. 1,139947 * ('krrn, Met. , 1921, 25. 9.07. 

' Dainitm Cermpt. rend , 1922, 176 , 685. * Compl. rend , 191.1, 166. .Vi7. 

* J. »S' 0 C, Chem. Ind., 1921. 40 , 14t. n.S.l’. 130.004.1, 
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CH 

coiiiiiicn i.il prof'css for file [(rodiictioii of alcohols (Jlouffh and Johns ^ 
lijui i'lvi'ii dclads of fhc prodiicfs of sudi (onimoni.d operation, the 
|iiodii(ts III all taM's heme secondary aleoliols, the range extending 
iioiii hopn»pvl to seiondai) oet \ I aholiol 

Higher homologues. Vmvlene v\ith (old (oneentrated sulphuric 
and and ne gi\es, on dilution, a solution from which dimellnl ethvi 
I aihiiiol IS ohiaiiied m !)t) [ler ( eiil viehl Wiih he\ene-l and liepfene- 3 ,“ 
tin snondar) al< ()ho|H aie obtained with S 3 per (eiit sul|)liuric and 
The use of IIH) p(‘i ( enf ami pioniotes polymerisation * 


111 imonisi.s 

l‘ioeess(‘s id hydrohsis, that is to s.iv, the proie^s of resolution of 
a (omponiid into two |nodiiets with the sinniltaneous introdiution into 
the Kssiilling (onipouiids ol tin* fompoiieiit ludiogeii and hvdioxd 
gioiips of water have long heen known to Ih> seii'itive to (al.il\ti( 
(K 1 eleiiil ion Wilhelniv III IH'iO,’ showed I lie (.itaKln intliieiKe of 
ai ids III the hvdiohsis oi inversion" ot cane-sugar, ai c oidmg to the 
eipiation 

Ci^ll.A»,| I HD -C,,ll,D,, 1 C„H|D„ 

InxlRW l.liMlllM 

hv a sillily’ ot the reaition velocity wilh wliidi the pioiess pioi ceded 
This veioiily loiild he deteimiiied with e.ise as the progress of ||ie 
reiu'lion was iier ompamed hy ,i rliangein theopinal rotalon power of 
the system not oiilv in degree, hut also in sign lliiiii the teiiu 
“ invi'rsioii " of ( ane-siigar 

Siniilaily with esters then hvdiohsis to aholiol and amis mav in 
many’ rases, leipiiie veais lor r oniplel ion il water .done is cmploved ,is 
the hvdroh III .igeiil On therontr.iiv in pieseneo of small ipi.iiilities 
oi mineral amis, hvdiohsis mav he <'omph'lei| in .i lew hoiiis and ,ill 
acids hehave in like m.iiinei though in vaiving rhgiei' This e.it.ihiK 
iiillueine ol amis is also loiind in the hvdiohsis ot olhei oig.inir r om- 
poiind.s, Mieh as amides .uvt deiiv.rtivi's, iinido esters ,ind ketome 
ar ids , A.s, in geiier.d sin It re.n'tions pioreed shuvlv the r.iti' of [uo- 
giess IS Miiseepl ihle ot eaieltil me.i.suiruneiit and ( onse(|U( nth I liev hav e 
foimed suitahle material lor the inveslig.ition of ratahtn pror esses 

The inversion ot <an(‘-Migar, which mav he t.iken as the type of .dl 
livdiolyses of various sugars and earhohvdiates, has herni investigated 
.siiiee the work ot Wilhr'liiiv alie.idv cited hv minierous ohseivers 
Wilhr'iniy .showed, expr'rimentallv, that the vclocitv ot inversion at anv 
moment was proportional to the concentration i>f the sng.ir ,it that 
moment This discoverv was made prior to the lormulatioii (»t the law 

‘ ./ hid Kii'i f'hem ISJ.l 16, 1011) 

^ Vil'ims K.iiiim .sriil Vlirvel I Imir hhtm AV , 1918 40 I'r'si 

^ llmnlvs Jiriii Iliimiihii'V J hner ( hun S<k , 1018,40 8.’2 

* l\>qq .1«« , nsvo. 81, 4I.(. 409 
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of mass action, ami is an cxporimcntal consequence tlien^of. provided 
that tli(' water is present in lar^Jie excess and chan‘i(‘s only nefjli^ihly in 
concentrati(tn durinii the readion. The niathenialieal evprt'ssion of 
this nnimolecular proci'ss is pven by the e(juation 

<l.r .. 


where K is a coinpOMti' constant, ineludin^' the reaction constant k 
and the concentrations of water and (atahst wiinli an- sciisiblv con- 
stant throiij^hout the process; ri is the original concentration of simar 
and / th(‘ amount converted in tmif I On ml ej,- nil ion the e(|iiation 
l)(“coines 


fioni which, witli the aid ol the (‘Xjierinn'iitai det«‘rmitialions. readion 
Velocity constants may i>e calculated 'I'he |>rot;n,ss of the i halite in 
sii;j:ar inversion as wi-Il as in ester hydroKsis is le.idilv followed, hv 
polarinietiic deternimations m tin- jorniet and bv dderniination of the 
increasi' of acidity of the solution in the latter case. 

The catalytii activity of acids upon the two reai'tioiis was sliniicd 
by varymji tin' concentration and n.iliire oj th. .icid eiiiplovcd The 
reseaK'hes ol bowenthal and beniiseii (ISCiLM ol l''!enrv (I^Tii), of 
Ostwald (b^'^Sl), and oi Sp(thr (ISSo ISSS) u.ive Airheniiis (bssii) 
abiind.mf niaterial upon wlmli to base Ins dedin f kmis < oik ci ninj.; the 
part which acids plaved m the catalytic pioi-i'S'^ It was readilv shown 
tliat m< rease in coiici-ntration of the ai id jiave increased \ehiciiv ol 
inversion, the increase beiii.u roiitrhlv. ihoneh not e\;icllv proporf lona! 
to the increase m conctMitralion It was (iiri her dcmon>tr.iled that m 
equal concentrations, different acid.s vaiied ei-caily m their catalytic 
activity.^ This was ereat*‘.st with the stnaie mineral acnis inv<'stiL'ale(l. 
Thus, a (i-b normal solution of hvdrochloric a( id cat.ilvseii the i iversion 
-oti times more rapidlv t han acetic ai id of t he same noi inality < 'loselv 
|)arallcl results were obtained m a stiidv ol the corresjiondm^f hvdrolvMS 
of esters iisine such acids 

It IS common knowded^ie how this beh.ivioui fd acids towards sn^ar 
inversion and ester hvdrolvsis was ctuiph'il. Iiv \rrhenius. with Ins 
observations upon tiie electrical condiidivitv of a<pieoiis solutions of 
acids, and liow, as a n-sult, the theorv wa.s devehqied that the catalytic 
ai'tiviry of acids was due to the hydrogen ions wim-h acids yielded 
when in solution. The strong mineral acids, accordmu to the theory, 
possc.HiScd a high catalvtic activitv, becau.se. m .solution, tlmir disso< lation 
into ions was practicallv coinph'te. <'onversejv\ with weak ai ids, feebly 
dissociat<‘d. the catalytic activity was small 

The effect of the addition of a neutral salt of a weak acid iijam the 

> 0»<twald, J. pr. Chm., lhS3. 27. I. 
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(aiulvOc activity of the and assisted considerably m the developmeni 
of (III- tlishociation theory Arrhenius was able to show that thf 
addilioii, for cAample, of sodium acetate to a solution of acetic acid 
nionnoiislv d(‘j»ressed lh(‘ catalytic activity of the acid Thus, a 0 25 
normal soliilioii of the salt, when added to a solution of the acid of the 
same normality, redured its activity in the ratio of 0 74- 00105. 
Assiiniiii" tliat the addition of sodium acetate repressed the deforce of 
diHsoi lafion of acetic acid and therefore tlie hydrogen-ion concentration 
in .Keordunce w'lth (he law of mass action, the calculated variation in 
the reiK lion velonty shouhl be in the ratio 0 74 0 0100, a remarkably 
( lose agreement with the experimentally determined figures Accumu- 
lating evidence of such nature led rapidly to tlie acceptance, not only 
(if the hydrogen-ion theory of acid catalysis, but also to accejitanee of 
(he dissociation theory itself 

With strong acids the quantitative factors were b} no means so 
leadily explicable Kxac-t propoitionality betwc'en the li}drogeii-ic)n 
(onecmtration, as caileulated from (dectrical conductivity, and the 
catalytic activilv does not obtain in solutions of strong mineral acids, 
except, as was demonstratefl by I’almaer,’ m extremelv dilute' solutions 
The incrc'iise in activity is always somewhat greater than the incrc'asc 
in h}drog('n-ion c'onec'iit ration as determined by ('lectrieal conductivity 
iiieasun'ments ftlori'ovcr, the intliiencc of neutral .salts of strong a(id,s 
IS very remarkable It is found, for example, that in ester lataKsis 
the addition of a normal solution of potassium chloride aeec'leratc'.s the 
(atalytie activity of a 0 I normal solution of hxdroehlorie acid by as 
miieli as 22 pc'r cent, wherea.s, on the sitnph' dissociation theory as 
With acc'tic acid, a diminution of n'aetion xelocitv would be (xpected 
This intc'rc'stiiig abnorpiality, the so-c'alh'd neutral salt action has 
oceu|)U‘d the attention of a eonsideiabh' number of in\estiga(ors down 
to the pre.sent day, and so far no completc'ly .satisiactoi) explanation 
of the phenomena is forthcoming 

It has been frequently shown, and ('specially by I'oma ■ in an cx- 
k'lidc'd scric'S of inc'asurenn'nts, that, in c'ster catalysis, the inflin'iice of 
iK'utral salts on tlic' xelocity of reaction dc'pencls in high degree on the 
nature of the anions, and that the influence of the cations is either iion- 
exihteut or w'ltiun the limits of experinii'ntal I'rror Thii.s, the chlorides 
of |)otas.siuin, sodium, lit hiiira, barium, strontium, and magnesium cause 
(he catalytic power of the liydrochlonc acid to be c'lihanced to a|)proxi- 
mutelv the same degree in e(|ual concentrations of salt Further, 
the inlliienee of salts dilfers in dc'gree with tin* anion c'lnployed. 
In descending order of accelerating effect come the chlornh's, bromides, 
nitrate's, and iodides, when imt'd wnth the corrcxspondina acid This 
obsc'rvation may be, extended to all acids by stating that the accelerating 
action diiuimslies with diminishing degree of di.ssociation as calculated 
by conductivity methods and hnally becomes, with weak acids, not an 
‘ ZniMh phymluil Cfujn . 1894 , 22 , 49 ’ ’ Qaizm, 1911 , 41 , 353 
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arceioration but a rotardation, as jm*vionsIy nuMitioiu'd in thi* case of 
arctic acid. 

Early Hiiggcstions of Arrhenius to account for neutral salt action are 
twofold ft was assumed ^ tliat there exists in solution an eijuihhriiim 
bi'tween the active and inactive forms (»f the substrate, and that this 
eijuilibrium was displaced by increasi' of ionic concentration in the 
direction of increase of active modilication. thereby resulting in increase 
of reaction velocity. An attempt at precise dilTerentiat ion Ix'twfen active 
and inactive molecuh's in chemical change ha.s reciuitlv been made in 
the previously discu.s.sed paper.^ bv Lewis, “ m which jiapers tlit' con- 
ce])ts of critical energy and critical incn'iiient o| ein rgv iici-essary to 
produce reaction are introduced The aclivi* molecules are .issiinicd to 
dilfer from the inactivi' in respect of their internal energv. winch is 
considerably greater than that possessed by an average moliumh' of the 
substance at tlie temperatun' in <pie,stion The fact that the critical 
energy is high indicate.s that only a vt'ry small fraction of the total 
moh'cules will be active at any moment. In the second plac<\ .VrrlH'iiius 
suggi'sted that the ions of the neutral salt ha\e .some action on the 
hulrogen ions of the acid and thereby contribute to increa.sed activity.'^ 
For strong acids alone, this could be (ormulated bv an e<piation of the 
form 

/;-u(ir),h(}r),. 

where /v i.s tin' velocity con.stant. Lunden ‘ exteinh'd this nh'a to the 
mathematical interpretation of the expeiinnmtal results in po'sence of 
neutral salts, 

\ considerable body of opinion has sought the explanation of the 
accelerating intluema* of neutral .salts bv attributing to tin' latter a 
( oiicentratiiig ell'ect on the acid cat.ilvst, due to withdrawal of solvent 
water from the solution. The solvate theorv of H Jones in AunTica 
is capable of such a|)plication. In England, an investigation of the 
processi's operativi' in .solution bv H. E Armstrong and his co^worki'ra 
lias been animated with a similar \i('W-point In particular, the stinlii's 
of Caldw'ell,^ Whvniper.® Armstrong and Watson/ Worley^ may be 
mentioned in this connection. The wcw is put forward that h\drolysis 
is an a.s.sociative process involving tin* inleraelion of as.sociated (;om- 
jih'Xes, the hydrated hvdrolyte and hvdrated catalyst. Hy studies of 
the inversion of sucrose and of the hydroivsis of esters, the apparent, 
molecular hydration values of acids and neutral .salts have been di'ter- 
niined, and the accelerating intluences obserxed in the .study of reaction 
velocity are attributed to such agencies. Tin* theory as developed is 
directly opposed to tlu' gi'iierally accejjted electrolytic di.s.sociation 

' y.al^h. phfMol. ('firm , 18S11, 4. 220 

’ I'hnn Sifc.. *• Sluilies m CftlaljKO p.iit+i t.-ix. {laH IHlS). 

3 Zntxfh. plujxibil ('htm., ISllH, 28, m. * Ihul . JlNlt, 49. IHH 

* Proc, Roy. Soc.., 1906 (/I), 78, 272. “ /W. IHOT (.1), 79, r*7«, 
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fhoory, aiifl if la claimed * fhaf, the facts disclosed C[f> far to show that 
( his hypothesis is no loiifrer renable The associative theory has earned, 
however, roiisiderahle criticism Tims, Senter^ directs attention to 
the fait thill the relative neufral salt action of different salts is not 
that of their ordinary decree of hydration Further, the relatively 
sheht iritliieiue of teni[ierattire on neutral salt action ^ is, according to 
Scoter, III marked (oiitradistimtion to the general effect of temperature 
on h\diittioii 

An acciimulation of evidemo during ri'cent years has given support 
to the theory that, m homogeneous liquid systems, the undissociated 
moh'cule of a eatal)l!c sulistarice, m addition to the ions, possesses a 
fertaiii d(‘finite eatalvtic aetiv'ity, whuh in a given reaction, hears a 
ilidinili' relation to that of tin' ion winch is catalylieally active Re- 
si'arche.s of .Si'iiter,* of Aerei' and Nirdlinger,'’ and of l.apworth ® directed 
alleiifion to the general pimeijile involved, while, in the last-named 
leseaieh, the sjiei lal appheiilion to li}drogen ehloridc was pointed out 
in eoimectioii with tlie work on the elleet of wah'r on the activity of 
amis in aleoholie solution Itcseari ties of (ioldschniidt on catahtie 
estenlKiilion hv amis in aholiolie solution (p -Wt), of Aeree amriiis 
eo-workers’ on iiiimeroiis reaetnuis both catahtie and iinn-eatalytie, 
of Rredig, .Millar, lirimiie. ,uid Siielhlaae on the' eatal}tic hvclrolysis of 
dm/,oaeetie esters (p .‘tl't), have, more recc'iitly, \iel(led eontnhutory 
('Videiiee to the vnw-pomt that iiiidissoc latc'cl molecules might possess 
a speeifn (atul)tie .lelivily Reviewing the available data, Siiethlage 
was h'd to suggest.'^ m leaetions ealahsed h) amis, and theiefore in 
ester hydroivsiH and tlie mvcT'ioii of canc'-sugar, that the grc'ater the' 
stiength ot the eataivsmg ami, the greater is the catalytic "iietiv it \ of 
(he tiiMomsc'd poitioiis as compared with the aetivitv of (he ion If 
one ns.siimes (hat (he reaction vehaitv is (omposcnl of two velocities 
determined h) the eatalvtic activitv of molec iile and of am acting in 
proiiortion to (heir (oneentratioii, the velocity may he evpre.ssed liy 
the ('qiiatiou 

R - iiiiA'ii ( 

where n relers to the coneeutiation, K to the eatahta activity of ion 
or moleeiih', ii or /a 

The ('vidence to he brought forward in the sueceedmg chapter on 
the kinetics of esti'riticiition and other dehydration processes occurring 
both m alcohol and in water solutions indicates an alternative to a 
theory of the lutalvtie activity of the undissociated molecule. The 
researches of hapworth and his eo-workers (jip dff!), .170) indicate that 


‘ See (H|w.illv Wdili'c, /'All (1011) 

■' Nv'Jii>li.r. ,/ Jiiiff ('km SV, lOlf, 37 ,',",1 
^ Amfr Chm J . I'HI7, 38. 480 
^ .4mfr ( hfm .1 IMl.' ^ 

" Zftlvh hMiroekm IIU’, 18, :ai Aioa /fAyyiW Chtm, 191.1. 8« "II lOao 
TBylor, ZtilscK ^Idtivcliem , 101 1, 20, 202 
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' fthc active catalytic ageut may be the non-hydra ted hydrogen ion. 
The abnormal variations of acid catalytic activity with change in acid 
concentration, addition of neutral salts or solvents, would in such case 
be ascribed to the influence of those several factors on the equilibria 

ir+uHjOi^lirHnjO, 

where n may be a very variable (quantity determined not only by the 
water concentration but also by the foncentrations of the other 
constituents of the solutions. A beginning only has been made in 
th(' (jiiantitativ*j develojiment of thi.s idea.^ The most important 
experimental contributions to the tln’ory are to b(‘ fouml among 
dehydration processes {Chapt(‘r XII., qr ). What is concluded for 
such reactions, as to the nature of the catalytic agent, will apply 
also, with e(pial force, to the rever.se ])roee,sses of hydra! ion ami 
hydrolysis. 

The solution of the problem of nwlion velocity in its relation to 
catalyst concentration has been sought also, as pointed out in the 
chapter on the kinetics of homogeneous catalytic reactions, iu terms 
of the activities of the catalyst species. Thus, for example, in the 
investigations of Harned,^ Akerlof,^ LeAvisand hi.s co-workers,^ llronstiMl 
and his students,^ the att<'m))t has betm made to correlate tin* reaction 
velocities obtained with the data as to a('tivity of the cataly.st, deduced 
from studies of the electromotive behaviour of aeid-salt systems, 
freezing jioint, di.strilmtion experiments, ami the like. This attempt is 
actually parallel to that discussed in the prec<‘ding paragraph. The 
one attem])ts a thermodynamic formulitiuti of the catalyst coneemira- 
tioii ; the other attemjgs a kinetic picture of tin* catalytic process. A 
raor<' extended treatment of Hrdnsted's point of view will be given in 
.suei’eeding paragraphs of this chapter when dealing with the larger 
and more variable salt elfeets obtained m other )iy<lro!y(ie pnxtessos. 

It is onlv necessary here to point out that in the inversion of sugar 
and the liydroly.sis of esters in presence of strong acids the salt action 
is, actually, small compared with that occurring in other proec'sses, 
such, for example, as the decomposition of persulfdiates in presence of 
iodide ions, the hydrolysis of dibrorn.succinie acid, and the like. For 
'whereas in these latter ca.se,s the ratio of reaction vidocities in 0-1 and 
0*2 normal total ion concentrations amounts to A<)-l//'t)t)2 = 1 •8-2-0, 
the corre,sponding ratio for 0-1 normal salt solutions with acid amounts 
^ in cane-sugar inversion to about 1-03-1 -04, and in ester hydrolysis to 
about 1 -02. 

The catalytic activity of tlie acid in such reactions as ester hydro- 
lysis is now fairly generally attributed to the formation of intermediate 

' Riw, J. Amcr. Vhtnu Hoc., 1923, 45, 2S08. 

3 J. Amer. Vhem. Hoc.., 1918, 40, 1462 ; 1922, 44. LMiH. 

* Itiisch. fkysxkd. Chem., 1921, 98, 260. 

« J. Chm, Soc., 1920, 117, 1120; 1922, 121, 1013. 

3 Zciiich. phytilai. Ckem., 1922, 102, 169. 
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<i(|(lifivc coiiipuiindH The systematic mvostl^l;-ltKm of the formation 
of sue li eompourids lias ri'Cently been undertaken by Kendall and his 
(0 workers,' and the results obtained are not without significance in 
the iiiter|tretatioii of stiong aeid eatalysis and neutral salt action By 
Ihe e\amina 1 ioii of a number of ester-acid systems, using a frei'zing- 
])oiiit method, it was shown that the formation of oxoimim rornpomids 
betwi'cn ester and a(,id followed the same general principles obtained 
111 earlier work on coin|)ound formation in other organic systems For 
example, eonibination is most marked between strong acids and esters 
of weak acids Further, the extent of compoiind formation decreases 
wilh decrease of acid strength, although, even with the weakest acid, 
loinpouiid formation was induated by the form oi the curves, without, 
however, any isolation of the eoinpoiind By making the railicals R 
and U, of the ester R COOR, more negative, the degree ot cotu|iound 
lormation also diminisheil The concordanee of tliesi' lesults with the 
facts ol latalvtu adivity previously put forward is siiIIk leiith obvious 
to jirompi the eoiuliision that tin* hypothesis of the mlermediate 
addilive (ompound is fundanumtallv sound . It is made the more 
|•onl liisive by the studies of Stieglit/, and his (o woikers on the par.illcl 
case of the hydiolysis of imido-eslers (p 33 *)) 

'I'he deptuideme of the velocity of hvdroljsis of esters in presence 
of (atalysmg m ids on the nature of the ester substrate was evtciisivdy 
mvesligated by Bowimher/,- who showisl that the influmiu of tin* 
aholiol radii ill of Ihe ester w.is (omparativclv .diglit, bul that the 
velonlv was lo a marked degree di'pendenl on the iiahin of the ester 
and Thus, ethyl formate hvdiolvscs twentv times more lapidh than 
ethyl aietate the veloiities with inetlivl, ethvi and propvl ai elates 
areallapproMimifelv eiiiiiil to one allot hei vvheieaswith the homologous 
seiiiss of esters of aietn, propionn , biitviH, and laleiii anils the 
velocity of hvilroRsis becomes inireasinglv slower with iiu leasing 
eomplcMtv of and. that of the forinule being one hundred times greater 
than Ihe velocity of hvdrolysis of the valerate With aromatic esters 
the velonty is even slower Kthvl acetate hvdrolvses one hundred 
and fifty times moie ra|udlv tliiiii ethvi ben/oate with the same 
toneeiitiatiiui of uilalysing at id 

Alkaline hydrolysis of esters. Tin resolution of an ester into 
hydrolytic products mav also be accelerated by the use of alkalis In 
this ease the acid [iroihieed by hydrolysis is imiiiediatel) neutralised 
by the alkali present giving the eorrespoiiilmg alkali salt of the and 
The net result of the process may be repre.sented bv the general ei[Uation 

R . t’OOR, +M , OIN R COOM-f HjOH 

Thus, 111 the course of the reaction, both ester and alkali disappear, 
the reaetion proceeding until one nr other constituent i,s eoni[)letely 

‘ S<(' / l»iir ('him Six- . wm, 38. 17li, I<)I7 39, .'.1:13 
^ XtitMh /lAyidbi/ rAcffi, 181M, 16 , ,18R 
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usod. Obviously, also, tlio reaction is biinolccular, and the reaction 
velocity e<|uation is of the form 

where a and h are the concentrations of est<‘r and alkali, and x the 
amount of each transformed at time I. Kxpressed in the integrated 
form, this equation gives 

/!•= ' 

t{a - h) (t{h ■ d) 

with which the reaction constant k can be calculated from tin* measure- 
ments of the concimt rat ions of the reacting substances. As. m the 
process of reaction, the alkali is converted to a neutral salt, tlie 
velocity with which the action [iroceeds can be determim*d by titration 
with standard acid. 

In this manner Kcicln'r was able t(» study * the velocitv of hydrolysis 
or saponifii'ation, as it is lietti'r evpre.s.sed when speaking of alkaline 
hydrolysis, of I'sters in jiresence of sodium, potassium, and ealeiiim 
hydroxides. It was dmnonstrated that, in diluti* solutions of alkali, 
till' velocity of .saponification was independent of the nature of tin* 
base, piojtorlional, lioweyer, to thi' alkalinity -f the .solution Tlie.se 
results l(‘d later to the conclusion that the hydroxyl ion wa.s the active 
hydrolytic agent ; that, moreover, the reaction was truly catalytic in 
nature, the catalyst, how’cyer, being remoyed from the .sy.stem by the 
subseijuent and indepi'iident interaction of the ba.se with the acid 
formed by hydrolysis 

Till' relation of velocity oi .sujHUiilicatioii to con.stitution of ester 
has, from Keieher'.s experiments onward, attracted eon.siderable atten- 
tion. The intliieiiee of the alcohol is apjtarently more marked than in 
the ca.se of hydrolysis by acids, i.sobutyl acetati' being hydroly.si'd only 
one-half as rapidly as methyl acetate in the .same strength of alkali.*^ 
The intliK'iice of the nature of the aeid radical is by no means ,so pro- 
nounced, how'ever, since, with dilute soda at I t , the vehieity of 
saponification of the acetate is approximately double that of the i.so- 
biiiyrate, six times that of the isovalerate, and four times that of the 
benzoate. Later W'ork^ on the constitutional intiuence of the acyl 
groujiing .shows, however, that the velocity i.s determined largely by 
the complexitv of the acyl group and more e.spccially by substituents 
in clo.se proximity to the carbonyl group. Assuming that hydrolysis 
is preceded by formation of an intermediate additive comjiound or 
ion complex, it may be deduced by analogy with the results of Kendall 

‘ .Unukn, ISS.'j, 228. 2.'»7. 

* ArrtMTiiiw, Zeitsch. phyxiknl ('hem., 1887, 1 , llU. 

* lljflt, Ber., 18110, 29. 1864 ; Kriltw. Zeilxrk. phyeikaL ('hem . 18117, 24, 243 ; Siidboniuuli 
And Feilman, Proc. ('hem, Soc., 1897, 13, 24.3, Findlay and Turner, /. ('hem. S<jc, , 190.7, $7, 
747 ; Gyr, Ihr., 1908, 41, 4308 , Findlay and Hickmans, J, (’hem. i<oc , 1909, 95, 1(K4. 
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on acid hydrolyais, previously cited, that the strength of the acid 
forming the radical m the ester would also determine the velocity of 
the hydrolysis Experimental test shoves this to be the case. 

The addition of neutral salts to s} sterns of alkahne hydrolysis of 
esters may either rc'press or accelerate the velocity of saponification, 
as was sliovyn by Arrhenius^ and by Spohr^ The phenomenon of 
neutral salt action m alkaline hydrolyses is, however, much more 
obscure and unformulated than is the ease with acid hydrolysis, the 
same regularities being by no means observable Thus, in the hydro- 
lysis of sodium chloroacctate by sodium hydroxide iScnter showed * 
that the addition of salts accelerated the reaction Ilroiisted 's treatment 
of such cases will be given at a later stage (j) 34(!) 

TucnNiOAn Applications of IlyDKOLVj'is 

The hydrolysis of sugars and of polysaccharides, as well as of esters, 
finds extended teelimciil ajipheation in seveial large industries The 
whole soap industry is eoneerned with the hydrolysis of the fatty add 
esters of glycerine, and, m the tallow industry, fatty adds are obtained 
by hydrolysis of the corresiionding glycendes The niiiniifaetiire of 
glucose from starch is an example of the hydrolysis of polysaeeluirides 
an^ production of invert-sugiii, whilst the degradation of rcllulose by 
hydrolysis to fermeiitabh' sugars caiuble of \ielding alcohol for iii- 
(liistrml ]»ur[)oNes is an industry of recent growth and of coiisiderahlc 
}»r()inise foi sut)8e(|uent development The more important sdciitifie 
aspects of these leehtmal applications iin'rit individual discussion 

The manufacture of glucose. Theiiidiistriiildevdojimenl of cataldu; 
hydrolysis of poly.saecharides for the production of glucose has attained 
considerahle proportions As raw material for the preparation, starch 
or stardi-contaimiig mateiials aie em[iloyed In England, nee nee 
starch, maize, and sago are eJiidly used Potato starch linds applica- 
tion in Germany In America, the starch from mai/e or Iiultan corp 
is the principal material All such materials yield, w ith acids firodiif ts 
containing more or less of the glu('o.S(' de.sired The reaction oeeiirring 
may be represented by the general e(]uation 

As hydrolytic agents, dilute a< ids are employed, tlu> acid fiinetiomiij 
as eutaly.st. Various aeid.s find technical applieulion In Europe, 
sulpliiirie acid is the usual leageiit used. In America, hydrochloric 
add IS mainly employed. Other strong acids, such a.s mtne and 
phosphoric acids, may be employed if local circumstances are favourable, 
to their use. Even sul])hurous acid has been sugge.sted as a hydrolyticT 
agent. 

1 Zntsck I'hm, 18S7, 1 , ill) ’ Ibut, im, 2, llW. 

» J ('Ae»i.J?oc. 1907,91,461 
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Heat is always em})]oyed to assist tlie process of hydrolysis. Closed 
converters of cast-iron, copper, or «»un-nu‘tal lia\i‘ replaced, alimst 
entindy, the orij(inal lead-lined open converters made of wood. With 
the clo.sed type of converter the temperature is maintained by injection 
of steam up to pressures of 30 lbs. 

With sulphuric acid a 5 j»er cent a<pn'oii.s .solution is cm[»loycd in 
the open system. When pressure i.s siimiltaneou.sly used, the p(‘r- 
contage of acid may be reduced to as low as tt o per emit For unit 
weight of dried starch, approximately two and a half unit.s by weight 
of the acid solution arc required. In modern .\meriean prac'tice it is 
customary to employ large, volumes of water with wliich a pastt' of the 
starch is made, and to which small (piantitics of pun' hydrochloric 
acid are added to as.si8t the hydrolytic proces.>. d’hc whoh* ma.ss is 
subjected to a high temperature, under ]>n‘ssur<‘. m massive cojijier 
converters. 

Hydrolysis occurs in definite .stages. After a short period of heating, 
the starch is completely converti'd to de.xtrins and maltose. At this 
stage, it no longer gives the blue coloration with iodine, hut a reddish- 
brown coloration indicating the prc.scncc of a-dextrm. With further 
action of the acid, the dextriiis and maltose yu-ld glneos(‘. The absmice 
of the dextrin i.s di'ti'riniried by the non-ajipi'arance of a precipitate on 
addition of twice the volume of alcohol to a .sample of the liquor, ('arc 
mu.^t b(‘ taken to avoid carrying hvdioly.sis too far. ns glucose may 
itself 1)0 attacked by the acid li([Uor. The [irocos of hvflrolysi.s may 
be .stopped at any de.sircd stage according to the product desired. If 
the syrup is rcquircil, the jiroce.ss is stopped immediately iodiiii' gives 
a port wim^ colour to the .solution. Con,‘<c(jucnlIy. corn syriij) contains 
marked quantities of dextrin, a\eraging 'tO jxT cent, with an ispial 
quantity of glucose and 20 per e<‘iit of w.iter. Solid glucose is obtained 
from solutions which no longer yiiTl the dextrin test, and tlu' aidiydrons 
sugar therefore generally contains less than 1 p('r cent of this impurity, 
with not more than 5 jier cent of water. 

Naturally, the time require<l for comj)letioii of the hydrolytic pro* 
cc.ss is governed by the three factors: mean Icinperatun' during the 
operation, the pres.sures emjiloyed, and the eoncentration of the 
catalytic agent. The nature of th<‘ final ])roduet also governs the 
length of the process. For the .solid jirodiiet, the average time re(piire<l 
is about hours ; for the syrup, half this period or les.s. 

After hydrolysis, the catalytic agent is rouioxed by neutralisation 
with alkalis. For sulphuric acid, a milk of finely ground chalk in 
water is employed, the precipitated suljihate is allowed to settle, and 
, the clear liquor drawm off. Soda ash is used in American practice, the 
mixture being left just faintly acid. Kxcess of alkali is avoided, as, 
even in small traces, it imparts coloration to the liquid in the subse- 
quent operations. The filtered liquor is then jiartially concentrated 
Tand passed through filters of decolorising charcoal, the resulting 
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('l(‘ar Injuor hoirif:; then f oiicciitratod in Vraciiuin ]»ans until the desired 
(oiieenfnition is readied On cooling;, the mass crystallises 

Glucose from cellulose. — Wood cellukm! may form a coimlerahle 
source of glucose supplies in the future, and efforts to achieve the 
hydrolytic conversion on a technical scale have been nunierous The 
fuel problem for the motor industry has stimulated interest m the 
process, since the h^rmentable sugars produeial can readily be emjiloyed 
in tli(“ mamifacture of alcohol I'he disintegration of cellulose is, how- 
ever, a matti'r of great diflieulty, and, as yet, it has not been so far 
generally developed as to compete comnuTCially with the piocessi's 
einplojing starch 

The various nsfiects of the jiroblem have been presented somewhat 
as follows by K W. Kressman of thi' (1 S Forest Products Laboratory, 
Madi.son, Wisconsin, and m a patier by the U S Department of dom- 
merce, “ By-products in the Lumber fnduslr) " TIutc is a large 
margin m the cost of raw material in favour of alcohol fioin wood 
waste as against alcohol from gram Tlu' fuel charges of a w'ood-vvaste 
installation are always a much smaller item than in the case of a gram 
distillery, since most sawmills pioduce wniste (orisideralilv in excess 
of then own [lower reipiirements From wood wa.ste, liowiwcr, a yeld 
of 20 gallons of jiroof sjiirit pi'r Ion of wood represents good practice 
as compared with 80 gallons per ton from com It is obvious, there- 
fore, that the amount of material liandliMl m certain pads of a jilaiit 
producing alcohol from wood will be four times as great as in a gram 
distillerv of eipial capacity llciiec' the capita! oiitlav and costs of 
operation will Is' somewhat grc'ater Portions ol the [ilaiit, however, 
and among these the laigi-r items, as, for example' the* fermenter ami 
the still ec|Ui|mienl, will not need to be larger so that onc' of the major 
costs of pioduction will not be iiicri'asc'd The balance of points, it 
will be observc'd, is distini'th even, and with favourable coinhtious the 
alc'ohol mdustrv from wood cellulose' mav leap forward as a commercial 
succes.s Hitherto, this has not been rc'alised except m {larlicular 
eases 

'FIk' processes cm|)loyi'd for the iiroduotion of alcohol from w'ood 
may In' chis.sific'd in two groups, (ci) hvdrolysis of cc'llulose to fermc'iitable 
sugars by mc'ans ol dilute' mineral acids acting as catalysts, (h) proc cs.se.s 
in whicli the wood is dissolved m concentrated acid, hyclrolysis being 
effected on subseciuent dilution This latter classitication has not yet 
recc'ivc'd commercial application owing to the high c'ost of the acid and 
the expense and labour of recovery of the spent acid Inpior The 
French jiatent of KkstronP is of this type Trc'atment with 9ii per 
cent snlplinrie acid for twenty minutc'S, followed by dilution to 
1 jier cent acid strc'iigth and digestion for a iktiocI of one to live 
hours, was specihc'cl for high conversion of cellulose to fermentable 
sugars 


KP J8O36S,1907 
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In the dilute acid proconses, Simonson^ employed dilute sulphuric 
acid of 0-5 })er e<mt strcngrti. A ])n‘ssure of 9 atmospheres was 
employed, the material being in the proportions of one j)art of wood 
to four i)arts of the dilute acids. Digestion for a period of one-quarter 
of an hour was said to yield fermentable sugars suflieient to give a 
yield of alcohol equal to 6 ])er cent of the dry wood employed. 

In some recent modifications of the dilut(' acid process the operations 
have been <lircctcd towards the u.se of hydrochloric and sulphurous 
acids w’ith a considerably smaller moi.sturt* content. The work of 
A. ('. (dassen directed attention more particularly to the use of sul[>hur 
dioxide as the hydrolytic agent, and its commercial development is 
being actively pursued. An acid concentration of 1 per cent is em- 
})loyed. The moisture content is kept as low as possd)le for tlie sake 
of economy in the subsequent neutrab.sution afid concentration pro- 
cesses, as well as for greater ease of regulation of tlie temperature 
time factors, which arc of great importance for successful opi-ra- 
tions. It has been found that a 50:50 wood-acid li.pior ratio 
is not above the saturation limit of the wood, which ean tiierefore 
be handled in conveyers as with the original sawdust The heating 
is effected bv means of steam, the (qn'rating pressures being from 
75-llK)lbs. 

Tli(‘ separation of the .sugars from the woody n'sidue of the hydro- 
lytic process is effccteil in staiulard beet-sugar dilfusion batteries pro- 
vided with suitable acid-proof linings Kent rah.sat ion of the acid liipiors 
is gimerally effected by nu‘ans ol lime, milk of linn*, or a high-grade 
lim(*stone. The fermentation of the sugars is carried out in ai'cordanee 
With standard [iractice with a four-dav fermentation period. 1 he 
distillation and rectification of tin* alcohol are standard practiei* and 
involve no special problems. (Kig. 17 ) 

As to yields, obtained and jios.silde, it may be observed t hat from 
‘25-28 per cent of the anhydrous wood may lx* ren<h*red soluble, of 
which as much as 80 per cent is fernn*ntable sugar. 1 hus, a yield of 
2t)-22 per cent of saccharoses, correspotnling with 10-11 per cent of 
ethvl alcohol, eipiivalent to 35 gallons of lt5 per cent alcohol jier dry 
ton of wood, represents the* maximum goal. .'Vctually, tin* average 
practical yicliLs scarcely exceed half this amount, a figure of 20 gallons 
per dry ton being now good practice. Evid(*ntly there is a considerable 
margin for improvement. 

The residue after the sugars are removed amounts to 70 per cent 
of the original wood, ami this also possesse.s a definite fuel value which 
may be utilised in the plant. 

Thus far the large-scale technical operations of the process have 
been confined to the United States, where, within th<* last ten years, 
according to a recent statement by Tomlinson,^ two plants have be<*n 

* ZfiUcJi. awgtw. t-hem., 1898, 195, 219, 962,^007. 

* Ckinvention of Cinadian ClifimnOi, Ottawa, 1918. 
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in continuous operation, producing a high-grade alcohol at costs com- 
intnng well with those of other sourci*s It may be expected that 
.similar (li‘V(‘lopment.s will occur in Canada and other timber-producing 
;irea.s 



Ki(, 17. 


Sugars and alcohol in the sulphite paper pulp process— The waste 
Lquor from the production of paper pulp by the sulphite process 
contains fermentable sugars wluch may also be used as a source of 
alcohol. This process of alcohol production developed during the 
Great War to considerable proportions in Sweden and Germany, and 
may be expected to thrive whenever economic conditions are again 
favourable. * 

A comprehensive discussion of the sulphite liquor alcohol problem 





^Jias been given by Haegglund and Bryant.^ In tlie production of 
"sulphite pulp, calcium bisulphite solution is uscfl. KlTort is made to 
use a cooking liquor with a high content of free sulphur dioxide. The 
sohition normally employed will approximate to 2-5-3 per c(‘nt free and 
1-1 -1-2 combined sulphur dioxide. In cooking, 3-5-1 times as much 
liquor, by weight, as bone dry wood is used. 'Phe time of cooking is 
dependent on the strength of the liquor, the nature of the wood, and 
the working temperature. The direct cooking proces.s, op(‘rating at 
140^-145° C., occupio.s 10-12 minutes. The indiri'ct proee.ss of cooking 
should not go to temperatures above 135' (\ and tak(‘.s from 15 to 


20 hours. 

With a constant combined sulphur dioxide eont(‘nt of 1-15 ])er cent 
Haegglund showed that the higher the concentrutioii of free sul])hur 
dioxide the, quicker the sugar goes into .solution. The maximum sugar 
formation w-as reached witli a 3 per cent free suljihur dn)xid(‘ in 15 hours 
at an operating temperature so contnhed that, after 1-5 hours, the 
digester \va.s 105° C. and attained a inaxiTuuni tem|)eratiire of 135° 
Tlu' higher the content of free .suljdiur dioxide the inon* readily were 
lh(‘ sugars (h'composed. 

Haegglund states that neutralisation of the acid Inpiors was b('st- 
earried out by a combination of fresh slaktai lime for the j>reliminarv 
neutralisation, during which the liijuor is vigoionsly aerated, with or 
without oxidising catalysts, with a subseqiiejit final neiilralisation with 
pulverised limestone. Th<‘ li(jUor, after neutralisation, is settled, 
cooled, and run into fermentation vats. A high resistant yeast, is 
needed for the fermentation jiroress. The yi'ast type XII. and the 
yea.st mixture M of the Institute of Fermentation Industry in Bc-rlin 
were specially recommended for this operation, l iider favourable 
conditions the fermented liquor contains 1 jior n-ni by volume of 


alcohol. 

The hydrolysis or saponification of oils and fats. The })riii(;i]>les of 
catalytic hydrolysis find extended indu.strial a])|)liea(jon in tlu' hydrolysis 
of the glycerides in fats and oils for use in the soaj), candle, and glycerine 
industries. The chemical reaction occurring in such hydrolysis may 
be gmieraliscd by the equation 


/OH 

eyisiOOORla f 3HOH > lyifi^ OH f 3KCO0H, 


where R denotes any fatty acid radical. The reaction is a true case of 
a hydrolytic splitting of an ester into an alcohol and an acid, and, as^ 
in the cases previouMy treated, may be elfected by water alone, but 
may be accelerated by the u.se of catalytic agents either acid or alkaline. 
When alkalis are employed to effect Iiy<lrolysi8, conversion of the 
alkali and fatty acid to the corresponding salt occurs. Thi.s is, there- 

^ PaptTf 1917, ai, No. 16 el eeq, ; also Can. Dept, of Foreflry, Hull. Xo. 66, 1919, 
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forf, a true case of saponification Actually in the industry the term 
saponilicalioii is ap/ilicd to all the methods of promoting hydrol/m, 
both by acid and alkali, tlw term hydrolysis being confined to reports 
fifientific III character Whether by acid or alkali, the initial process 
IS that {(cneralised in the above equation, being followed in the case 
of alkalis by neutralisation of the free fatty acid with the formation 
of a soap 

Tli(‘ mecliaiiiBm of the hydrolytic jirocess may beat be understood 
by reference to the hydrolysis of the glycerides of the simpler aliphatic 
acids, where, owing to the fair solubility of the glycerides in the 
catalytic mediuiu, the conditions of operations arc simpler ami more 
r(‘adily controlled than is the case with the glycerides of the mon* 
comjilex fatty acids, which are but sparingly soluble, yield emulsions, 
and insoliibh', or only partly soluble, acids .Such study shows that 
t}i(‘ hydrolysis of the glycerides occurs in successive stages, di- and 
monoglycorides being first formed as intermediate compounds yielding, 
finally, glycerine and the fatty acid Thus GeileP showed that the 
hydroly.s]s of triacetin, the glyceridi' of acetic acid, was a])pareiilly a 
iiniinoh'cular reaction, but that the velocities of liydroly.sih of mono-, 
di', and triacetates in dilute acids were in the ratios of 1 2 3 The 
parallel result with the acetates of glycol was demonstrated bv Julius 
Meyer in 1907,^ where the rates of hydrolysis of the two acetates were 
in the ratio of 1 . 2 Abel'* and Kremann,'' stmUing both and and 
alkaline liydrolysis of esters of polyhydric alcohols, showed the same 
results as those of Geitel, and demonstrated that the apparent uiii- 
molecniar nature of the hydrolysis ()f the complete gl}cende was a 
mathematical consequence of the fact that Indroljsis occurred in tlie 
three successive stages, the rates of which were, as (leitel h.id shown, 
111 the ratio of 3 2 1 Later work by Taylor.’’ on neutral .salt action 
111 the acid hydrolysis of triacetin, further confirms this view- 

It IS without doubt true that the hydrolysis of tiu' more complex 
glycerides in fats and oils obeys the same rule of successive stages of 
hydrolysis, modified naturally by the fact that tin' reaction occurs in 
a heterogeneous medium in which, as Lowenherz * showed, the velocity 
of reaction was constant and determined by the solubility of the ester 
in the catalytic medium Instances in support of this view of suc- 
cessive stages as applied to the fats and oils may be cited Lewkowitsoh 
detected the presence of dierucm in an old sample of rape oil, and the 
observation of Gruen and Thcimer^ on the hydrolysis of distearo- 
chlorohydnn, m which the intermediate stages of the hydrolysis of the 

‘ J pr Chtm , 1897 (ii ), 65. 417 . 1898. 67, llll 

« ZeUKh mirochm , 1907, 13, 18« 

» ZcUtch phy»M Vktm., 1900, 66, 658 

‘ Zettuch KkLlrochfm , 1007, 13, 307 

* M(dd K 1 elttulapmhd NoUl hM , 1913 (u ), No 31 

* Zntsch physilnd Chem., 1894, 15, 389. 
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dif/Iyr(‘ri(l(‘ were isolated, is decisive proof. Detection of intermediate 
comj)ouiids in partly saponified fats is, however, an extremely dillicult 
matter. 

Hydrolysis of fats and oils by water alone is perfiadly possible, 
tlioiifth, obviously, slow in praetiee It was aetually employed in 
practice in the process of R. A. Tilehtnann, who caused tfu‘ fat and 
water to be forced through a coiled pipe heated to 3(K)'’. The livilro- 
lysis was incomplete, and destruction of the fatty matter occurred. In 
modern attemjits to carry out hydrolysis by wati'r alone, the use of 
SU[ierheated steam under pressun's up to 15 atmospheres has been 
invoked, always, however, with the ditiiculty that the proce.ss is never 
conijdete. 

Tile use of acids as catalyst.s has led to two distinct technical pro- 
ces.scs, the so-called .\cid Proce.ss and the Twitchell Process. These* 
may now be considered. 

The acid process. --Lewkowitsch has .shown that, using hydnadiloric 
acid of sj). gr. l-lt) as catalyst, hv<lrolysis of fats and oils may b<* 
acci'lerated, but the process has not acipiircd technical importance as 
yet, since* the reaction can be more readily accompli.sh('d using con- 
centrated sulfdiuric acid as hydrolytic acci'h'rator At first .^|ght this 
Would appear to la* an anomalous result in vew of the known fact 
that livdrochloric acid is the stronger acid of the two. It is probably 
explaiiiefl partly on the view that hydrochloric acid does not facilitate 
mutual solution of fat with water and on the fact that emulsification 
is small with hv<lrochloric acid as agent Kiirthermore. suljdiuric acid 
is probably (dfectivc through the formafi(Ui »»f fatty siilphonie acids, 
which are doubtless stronger acids than the sulphuric, acid itself, 
pRjmoting, also, mutual .solubility in the two phasi's and emulsification. 

'Fhe action of sulphuric acid as hydrolytic agent was first dt'seribed 
by Cornett in 1777. As now employed in practice, the ojs'ration is 
briedv s<um‘what as follow's . 'Fhe fat is first heated t(» 120 tf» free* it, 
from water and then run in the molten .state into a mi.xing machine, 
in which it is thoroughly admi.ved with 4-() p»'r cent of concentrat'd 
sulphuric acid of a gravity of HO' I>e. With achi of .such strength, 
the sub.sequent hydrolytic change attains its maximum. During 
tile })roc(‘.s.s of mixing, which occupies 20-,‘iO miiiute.s, reaction i.s 
vigorous, the ma.ss chars to a, certain *‘xteut, and Hom(5 reduction of 
sulphuric to siilphurou.s acid occurs. In this jiart of the jirocess, 
mixtures of sulphonated fatty acrnls, .sulphuric e.stors of glycerol as 
well as tlie free acids, and variou.s products of .sccumlary reactions are 
undoubtedly pro.scnt After com|)letion of this reaetion, the mass is 
boiled with water, the free fatty acids rising to the surface and the 
glyc(‘rine remaining behind in the aqueous solution of sulphuric acid. 
It IS this {second stage of the process which forms the real hydrolysis. 

A cousidi'rable advantage in the employment of the acid process is 
the increase in the yield of solid fatty acids over that attained by 
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otiwr pwco.wn This has hmi demoustrated by Lewkomtsch to be 
diir to miversioti ol a portion of the oleic acid into the solid iso-oleic 
mid by a complex series of changes involving the intermediate forma- 
fioii ol HiiJplio-oxystearic and oxysteanc acids. This conversion is 
line of great tcclimcal importance, since it results in increased yields 
of candle material ^ The glycerine yield is smaller than that obtained 
by catalytic processes employing alkalis 

The Twitchell process. -The importance of the catalytic agent 
employed, in the successful operation of a catalytic process, is beauti- 
fully (li'inonstratcd in the Twitchell process for the hydrolysis of fats 
and oils into glyw'rine at\d fatty acid. The Twitchell reagent also 
exemplifies excellently the applicability to practical problems of know- 
ledge accumulated in the course of theoretical investigation In this 
particular case the theoretical knowledge did not precede the invention, 
since the hrst patent for the Twitchell process ^ was granted at a tune 
when the attention devoted to catalytic jirocesses was not so pro- 
nounced as it now IS, and when the theoretical point of view relative 
to the mecliiimsm of the [iroccss was by no means so d<‘V(‘lo[ied as it 
IS to-day 

In an investigation of the catalytic role of sul[ihiiiic acid m the 
hydrolytic splitting of fats and oils, Twitchell oliscived that sulphur 
compounds jiroduced by the action of the sulphuric acid upon the fat 
might be separated troin tlie bitty material by suitable methods of 
extraction, and could readily bo idenfilied as sulplumic acids To such 
acids Twitchell attributed the catalytic properties observed m the Acid 
I’roeess of hyilrolysis Accoirdmgly, he prejiarisl stilplio-acids of the 
fatty acids, such as siilpho-stcaric and, and smh ro.igents were the 
agents first employed by him for the hydrolysis Later, the accidental 
discovery of tatty aromatic siilplionic acids yielded the re.igents which 
have been [iiit to practical use iii the separation of glycerol and fatty 
acids The original aromatic, fatty siilphunu acid was made by treat- 
ment of a mixture of benzene and oleic acid with an excess of sulplmric 
acid On pouring the mass into water, an oily hiyer of the desired 
jiroduct resulted’'’ instead of benzene, naphthalene is iisi-d with oleio 
acid m tlic manufacture of the commercial article, and other hydro- 
caibons may also find application Such catalytic agents, when added 
111 the proportion of a half per cent or less to fat boiling with water in 
an open tank, will cause the separation of the glycerol 

The views of Twitchell m regard to the properties of a suitable 
catalyst for the hydrolysis of fats liave been e,x[)ressed in Ins paper, 
“ A Reagent m the (llicmistry of Fat ”. The catalyst sliould be a 
strong acid, liighly dissociated m water, and should be soluble both 
III the fat to be hydrolysed and m the water It should also tend to 
promote the solution of one m the other It is now well known that 

* Sw Lrwkowilflch, Cirm Tfchi) Ihh, Fait, and U'ojrfj, vul 3, p 188 
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tlie aromatic sulphonic acids are very strong acids, comparable in 
strength with strong mineral acids such as hydrochloric acid. Th(* 
introduction of higher fatty radicals into the nucleus conh'rs upon such 
acids the physical character of fats or oils, thereby increasing the 
mutual solubility, whilst at the same time yielding soa])y solutions 
with water. The activity of tin* hydrolytic agent has b<*en attributed 
to the emulsifying action of thci reagent, promoting (he formation of 
an intimate mixture of oil and water, thereby exposing a greater surface, 
of action to the reagejit. It must be observed that emulsification 
alone is not a sufficient explanation, as fats do not hydrolyse* at l(K)'’ 
to any practical extent with water alone, ev(*n with good emnlsitication. 
It is to the presence of the strong acid and tin* promotion of mutna! 
solubility as much as to emulsification that tin* efficient hydrolysis must 
be attributed. 

The first operation in the process usually consists in the r(*inoval of 
foreign impurities by boiling the fatty material with dilute sulphuric 
acid. Tlio fat is then transferred to oj)on wooden tanks and mixed 
with half its woiglitof water, to which is added 2 per cent of (he catalytic 
agent. The mass is then thoroughly agitated hy blowing through (he 
system live steam from perforated coils in the tanks. Hydrolysis is 
complete in about an hour, after which the emulsion is destroyed hy 
the addition of dilut<* sulphuric acid. Two layers scjiaratc*, the fatty 
acid in the upper and the glyeorine in tin* a<pieon.s layer below. 

The advantages to be gained by (he use of (he Twitchell process 
are many. In operation i( is simple and (he capital eo.st of jffiint 
rcf|ijiro(l is low. It can also be employed in large units, as contrasted 
with the small units and lieavy initial cost of earlier hydrolytic pro- 
cesses. The jirocess is operated at the ordinary pressure. Tin* proeess 
[)f hydrolysis is jmictically rcmiplete, and, for low-grade fats, it is 
especially suitable. In this way materials sucli as garbage-grease and 
the footings of cotton-seed oil can he emjffijyed as raw materials in the 
?oap or candle industry, thus relea.sing Jiigher-grado. fats for use as 
food products. With low-grade materials fractional <li.stil]ation of tin* 
fatty acids is necessary to inijirove their juirity and colour. The 
glycerine li{piors obtained are free from salts, and so the proeess of 
joncentration is much facilitated. Since the product of hydrolysis is 
ffie free fatty acid, the more economical sodium carbonate can ht^ used 
n place of caustic liquor in the ])roduction of soaps 

The process is now extensively used, not only in America, hut also 
n the continental European countries. The larger soap plants in 
Germany, Austria, Belgium, Holland, and 8candiimvia operate princi- 
pally with the Twitchell process. Its use in this country is increasing. 

All analogous patent to the Twitchell patents has recently been 
ibtained by Petrolf in Russia. In this case the reagent employed is 
ibtaincd as a by-product in the refining of petroleum with fuming 
tulphuric acid. The compound is a simple sulphonic acid of hydro- 
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carbon radicals, probably not of the, paraffin scries It is now being 
larg(‘ly employed as an efficient catalyst for hydrolytic splitting 

Saponification ol oils and fats by alkahs. — In considering the 
techiiKal use of alkaline catalysts for promoting the hydrolysis of 
glycerides, the same general principles hold that were enunciated m 
the previous theoretical treatment It will be shown that the rate of 
saponification is directly [iroportional to the effective couceiitratioii of 
the base cm|)loyed, which also determines the time and temperature 
( onditions to be observed for completion of the hydrolysis 

'rile tecliiiK'al jiroeesses (oncerned may be treated in two sections 
(fi) saponification with the aid of alkaline earths, (b) saponihcation 
with the aid of caustic alkalis 

Saponification with lime and magnesia. The autoclave process. - 
Tnglyw'rides may be .saponified comjiletely by .solutions of lime in 
opim vats at (he boiling pond, provided an excess of lime be used 
The (jiiantity of alkaline earth required amounts on the average to 
12-11 per cent by weight of the oil This method of saponification 
was introduced into industry by de Milly in France lave steam is 
UHcil to heat up the material m lead-hni'd vats, and serv'es also to keep 
th(‘ mass in a state of agitation and of intimate mixture or emuKiliea- 
tioii The calcium soap of the fatty acid is formed in the process, the 
glycerine remaining m the a((ueoiis solution Dei.omposition of the 
soap IS elfi’cted with the aid of siilpliuiie acid, the fattv acid forming 
a flouting layer on the liquid, the preiipitated snl|)hate separ.iting to 
the bottom 

The lime employcil functions as .i eataly.st, .iiid it is not ncce.ssary 
to use .sufficient for complete {onvcrsioii of tlu* fattv acid to (ahiurn 
.salt On the other hand, if smallei quantities of lime be used the 
(oncentiation of latalyst, and therefore the catalytic aitivity, are 
diminished, .so that othei means must be emphned to accelerate the 
reaction This is doin' b\ carrying out the ptoci'.ss in autoclaves under 
pressure In such case the temper.itiire employed can be (onsiderably 
increased beyond the boiling point of water wlierebv the velocity of 
reaction is eorrespondingly augmented Thus, with only f per cent of 
lime iiiider a ])re.ssiire of 12 atmospheres, (.orrespniidmg vvith a tem- 
perafuri' of a virtually complete hydrolysns mav be I'lTeeted It 
will be obvious that such a reduction in the (piantity of hme employed 
IS of considerable advantage in the economy of suljiliurn acid required 
to (leeompose the ealeium soap formed In actual practice it. is 
customary to employ somewhat more lime than the uhov’o for the 
autoclave process, as the employment of high temperatures causes 
discoloration of the fatty acids produced .Modern practice iii tho 
candle mdustrv calls for a wmrking pre.ssure of 8 atmos()heres, with 
the addition of about !i per cent of lime The process of hydrolysis is 
practically complete in about eight to ten hours The reaction is rapid 
in the first two hours, as much as a 77 per cent conversion being 
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ohtaiiKMl. Ii» the succeoding period tlu* jn'rocutago of livdrolvsiH 
bIowIv iiR‘n*aso.s to d itiaxinuim of ahoul por ci'iit at tiu' ond of tin* 
t(Mith hour. For Boajt iiiiniufacturo the hydrolysi.s must he roiiducti'd 
at still lower ])ros.mir('s in onler to avoid discoloration A pressure of 
Ij to t) altiiospheres is emplovi'd and the degree of livdrolysi.s reaelies 
alioiit SO per e<*nt. 

Magnesia an<l y.ine oxide have* also been employed as eatalytie 
aeeelerators. They have tin* ad\antag<‘ that they do not yiedd in- 
soluhh' sulj)hates on treatment of the fatty soaps jirodueed in tIu' 
liydrolytic process On the eontrary. owing to their less Itasie ehar- 
aeti'r, the rate of hydrolysis is not .so rapid and the ja'reeiitage liydroly.si'd 
not .so eon.siderabh'. Magnesia also shows a tt'iideiiey to produce 
emulsions not readily di,seliarg<'<! in tin* siibseipient treatment. Zinc 
oxide with the addition of ziiie du.st has been u.s'-d together with lime, 
in the ordinary :uitoela\e prvieess. Tin* prodiiet. it ap|>ears, i.s less 
diseolour<’d 

Saponification with caustic alkalis. It is ob\ioiis iliat owing to 
their in.solubihty and the (‘onse<pienl high eoneeiitration of eatalytie 
agent tliereby attaimsl, hvlroly.sis with eaustu’ alkalis slnnild lie rapid 
and complete, Moreovm', the temperature reipiircil i^ bv no means 
.so considerable as is re(piired with alkaline earths llydotlvsis of fats 
with eaiistie alkalis is the iinlici of the soa|)-mak(‘r SiilHeient of the 
hydrolytic agent is um d to combine with all the Ins- fatty acid fornn'd 
to yield the sofliiim or potassium salts whieh constitute the basic 
material <if the normal soaps of indu.stiy .\(tiially an exci'ss of the 
alkali Is always usetl to facilitate thi* h\drol\ti< pr<»eess. There is no 
doubt, however, that the hv<lrolvsis could be calalytK'allv effeetc'd in 
the jireseiice (d only small amoiinls of .mk h l^drolytie agents. A 
readjustment of tinn* and lenijx'ralure conililioiis w<Hdd. Imwi'ver, fie 
necessary. 

Two processes of alkali .s.iponilication are employed in the 
preiiaratitin of soap, dilfereiitiated by the temperature at, whadi the 
saponification is etlectc<l. 

In the cold prociiss, a.s the name im|ilies. no external heat i.s ajiplied. 
In consi'fjuence a long peri(«l of .saponi beat ion i.s nece.ssary. The 
molten fat i.s churned up with the reijuisite (piantity of alkali dissolved 
in water .sufficient in amount to gi\(‘ to the .soap the fje.sired degrei- of 
hardne.ss and .solubility. Readion sets m and the ma.ss thiiktuis, 
Sufficient beat of reaction is given out to bring about further saponifnia' 
tion in the adjacent layers, wdth increasing velocity owdng to rise of 
temperature, the oil as.HiHting by preventing dissipation of the heat. 
This process continues througliout the mass an«l i.s conijih'te in twenty- 
four to thirty-six hours, when about jmt cent of the glyr»‘ride has 
been converted into glycerine and .soap. Aft<'r the initial operation 
tbe conversion is effected in frames, and when saponification iscouqilete 
the mass is sufficiently solid that it may be cut into slabs. Obtained 
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II) this iiiiiiiiior, tho soajis always contain a small excess of free alkali, 
wliK li for many purjioses is an unsuitable ingredient 

Neutral soaps are obtained by means of the hot process The 
bvdiolysis is carried out in large soap kettles The oil is brought to 
HO'" by means of steam, which condenses to water m the system Caustic 
soda IS then gradually added to the contents of the pan, and ebullition 
IS brought about by further introduction of live steam In this process, 
also, the veloi ity of saponification is accelerated by the heat of reaction 
The quantity of caustic alkali to be used is governed by the nature of 
th(‘ oil to be saponified, and, when addition is complete, the separation' 
of the soap from the glycerine liquors is assisted by salting out with 
(ominon salt The subsequent operations in the hot process are con- 
cerned with the further refinement of the soap curd to ensure complete 
hydrolysis of the fats and a grading of the material obtained according 
to the soap value 


FuKTiimi Hydrolytic Frocksses 

The hydrolysis of acyl derivatives.— In addition to liis studies on 
the hydrolysis of esters in presence of acids, Ostwald^ investigated the 
hydrolysis of iieetamule in order to determine the relative strengths of 
adds, arranging these in a tabh* of decri'asing activity from hydrochlonc 
to acetic acid Since this early work the nsactiou has frequently been’ 
employi'd in the endeavour to obtain a clearer eomprelieriSKm of 
ealdlytic activity As was shown by Crocker and bowi','^ the reaction'* 
IS catalysed by both acids iuid bases, the hydrolysis [iroceeding in, 
every ease investigated as in ester hydrolysis, more rapidly with 
alkalis than with acids under similar evperimental (‘onditums The 
rate of hydrolysis was shown to diminish in a homologous senes with 
increasing complexity of amide Aliphatic aimdes are more readily' 
hydrolysed than aromatic amides, aiul the inlliienoe of substitution m 
the benzene ring is marked Tlu' reaction m both acid and alkaline, 
solutions 13 bimoh'c ular, m accordance with the eipiations 
(a) R.('() NIIj-f-HjOfllX-^R COOH + NHiX, 

(h) R CO NJR + HjOfMOII^R COOMfNH, OH 
Crocker and Lowe showed, however, that good reaction constants were 
obtained if, instead of the concentration of base and aeid, the ionic 
concentrations were substituted 

Acrce and Nirdlingor^ drew the same conclusion, independently, ia’ 
a study of the hydrolysis of various concentrations of aqueous acetami^s^ 
using different strength of hydrochlorie aeid, and suggested that 
was a comjilex cation, , 

(CHj . CO ! NHj . H), 

> J pr Chm , 1883, 27. 1 * J < 'A«m. .S'oc , 1907, 91, 593, 952. ^ 
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which underwent hydrolysis. The ammonium chloride formed was 
shown to have a marked accelerating action on the hydrolysis. Added 
neutral salts acted similarly, the phenomenon being subseipiently 
associated with the view that both ions and undissociated molecules 
^ may possess catalytic activity.^ 

The hydrolysis of amides of dibasic acids was investigated by 
, von Peskow and xMeyer,^ and showed marki'd jioints of divergence 
from the results of iMever with esters of dibasic achls. The values of 
the reaction constant obtained showed an initial steady deereasi' with 
. progress of liydroly.‘^is, and only after some time yielded sti’iidy values. 
The abnormality is as.sociuted with the riiativc values of the viiocities 
of hydrolysis of the two amide grouping.^. The researches on dibasic 
esters showed that an ajjparent iinimoleeiilar reaction constant was 
explainable on the assumption that the reaction constant.s of hydro- 
lysis of the two groupings were in the ratio 2 ; I (see ]). 5(5). It was 
shown that with the amides in acid hydrolysis is smaller than 
W'hen'as w’ith alkalis is the smalh'r. This was a.ssumisl to be 
connected with a repulsion between the negatively charged acid 
amide radical (NHg . 00 . K . (^0 . O') and the negatively charged Oil' 
'|;rouping, wheri'as in the acid reaction an attraction to the hydrogen 
(foil would ensue. 

I The hydrolysis of imido esters. --- Important eonelusions with 
froferenee to the catalytic action of acids in a variety of liydrolytic 
proce.s.ses have betui obtained by Stieglitz and hi.s eo-workers^ in 
investigations of the reactivity of imido esters with wnite.r and ammonia. 
An imido ester such as methyl imido benzoate is slowly deeomjiosi'd 
by water, one of the decompositions resulting therefrom being the 
formation of amiiiouia and methyl ester : 

0cH5C(NH)()ch 3 + HjO = Nii^ t r. 

The addition of an acid, for example hydrochloric acid, enormously 
accelerates the change. It was shown that the acceleration was due 
to the fact that the reacting component in this decomposition is the 
positive ion of the ester, as expressed in the eiiuation 
■ ; CgHjf : NHjj * )0Cn3 + H20-(yi/TXCll3 f Nlf^ * . 

Acceleration by neutral salts, entirely analogous to the “ salt effect ” 
in the catalysis of esters by acids,’ W’as fouml also in these reactions. 
This salt effect allowed for, the reaction could he exjin^ssed by an 
equation of the form 

^ ^po9 C8t. Ion ^ ^ C'OhI- 

Applied to the saponification of ordinary esters, the main difference 
If^ulting is that for such exceedingly weak bases a.s esb'rs the 

/ Aciw, Amer. Vhitm, J„ 1912, 48, 352 ei /leq. * (Ihtm., 191.3, 82, 129, 

* For eummarios of this work, aco J, Amer. Chm. Soe., 1910, 32, 221 ; 191.3, 88, 1774, 
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cotHciilnition of the ]r)siti\(' ester ion is pnietirally [)ro|)ortional to 
the (oneeiitrationH of (‘stir and hydrogen ion jiieseut at anv moment, 
so that the above e([uation heioities 

A' X Ch X [(hi X ('oh I, 


whuh IS m agreement with eommon e\])(rience 

StKiglitz propounds tlie (piestion as to \hy the reaetion with the 
ion .should he enormously faster than the entirely analogous possible 
aition ol water on the non-iomsed free ester The two reaitions may 
be expre.ssed, in agreement with experimental results, in a series of 
stages for the two eases 


/.Nila' 

('A (\ t-H 


t Oil - 


. Nil/ 


>C,ll.C-() M 
' 'OCll, 


A) 

v(;il/'(KT!^t Ml/, 


Cll, C( tU' 
^OCH, 


t Oil 

/Nil, 

v{;iL,C-0 1! 

OCII, 


0 

-->(;ii,(’ NH, 

cell, 


Htieglit/ (oneliides that the aeeelerating or latalvtie elfeet of the aeid 
IS most intimate!) assoeiated with the transformation of the positive 
ion of a weaker base into that of a strongei base For, <is enipliasisi'd 
bv Stieghtz, whereas tin' imido esters an* rapidh hxdroKsed bv water 
in the presiMue of add, this is not the ease tor the < loseU related 
lompoiiiids till' urea ester salts, which stnietiiralh eoiisidiTed, 
should react with water, but .ire ipiite stable in aeid solution The 
t ransformation. 


Nil/ ^Nlt, 

Nl/ c/' " 1 IfOH-Nll,C(4)H ->NI1, iH^NCOlKTIj, 

NlCll, ^OClIj 


only takes place to a very slight extcuit at KtOM' and, at ordinary 
temperatures, where irnido ester salts are eompletelv hxdiolvsed m one 
to ten hours, the urea ester salts have not been observed to decompose 
at all In this ease we have the notable fai-t that such a transformation 
would involve the change of a salt of a stronger base into that^ of a 
much weaker om* an ammonium salt and this does not take [dace 
Stieglitz tested this view w'lth the benzovl urea esters, which form much 
weaker bases than ammonia They ought to be hxdrolysed in acid 
solution, according to this view, as smoothly as iniido esters This 18 
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actually the case ; urcthanvs aiul aniinoniinu salts readily result 
according to tlie (sqiiation 
NH./ 

(VHA’O.Nll .C( “ + UOH > NH,^ i (yi.CONHttV'Ha- 

HK'H, 

' It is apparent that this transforniation of the ion of a weaker base into 
that of a stronger is no douht the result of the decrease m free energy 
involved in the union of the acid with the stntnger base. 

The several factors of interest obtained by Stieglitz and his eo- 
workers in these studies of hydrolysis of iniido esters received beautiful 
conlirniation by his further stiidn's of the interaction of aininonia and 
iniido esters whereby aiiiidines result : 

Ml.,' NIL' 

(',11, (' ()('H, iNH, -(',H,(' “ M'lIaOlI. 

Nil., 

The action is accelerated by acids and by addition <»f .salts just a.s in 
the hvdrolysis, and it was shown I hat again it was the positive ester 
ion winch uiiderweiil chang«* Whereas. ho\\eV('r, iinai esti'rs would 
not react with water in acid .solution beeaiis** the salt <»{ a stronger 
ba.se would thereby be converted to that <'f a W'ealfr. this is not triU! 
when ammonia is tli(' reactant Keai'tion of urea esters with ammonia 
produce's giianidiiH's, which are stronger ba.ses than the iire'a <‘sters 
themselves The gminidine.s. then'fore. according to lln'orv. are pro- 
duced fe'adily from urea esters and ammonia, in pre.se'nce oj acids, the 
positive ('st('r ion again being the rapidlv reacMing constituent 

The kinetic studies of the interaelioii of iniido esfer.s and ammonia 
W('re not ineonsistmit wuth the' assumption that reacliiui occiirreel 
belw'cc'ii the ester and ammonium ion rather than between the ester 
ion ami ammonia. The answ’er to tlu* (pierv as to winch mechanism is 
correct is su|»plied bv preparative organic chemi''try In place (d 
"ammonia, primary and seeondarv amines may be emphtved I'lnner 
found, bowever. tliat ti'rtiary amines do not form amidines with imido 
e.sters ’ Were the reaction between the amine ion NIIK,' ami the 
ester, tins .should be (piitc po.ssibie. The alternative wmihl not lie 
po.ssible, a.s the following ei[iiation, showing tin* meehani.sm a.ssiimed by 
Stieglitz, makes ipiite evidmit . 

.NH’' /NR,- /Nib,’ 

• (-'/ Vl/'NH H f LH 3 OH. 

'00113 'nh 

Th(‘ applicability of Stieglitz's conelu.sion that the aetion.s acceler- 
ated t)y acid.s arc change.s from a weaker base to a stronger may now 
be considered in reference to the reversible prooeas of e^tcr hydrolysis 
jPind o.steritication in pre.sence of acids. According to the Stieglitz 

» Imido^tlher, pp. 80. 8» (11)01). 
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principle, m the hydrolysis the salt of the weaker ester oxonmm bast 
forms the salt (ion) of the stronger alcohol oxomum base In the 
esterification the salt of the weaket organic acid oxonmm baseTorms 
the salt of the stronger ester oxonmm base, This latter conclusion is 
not that reached by Goldschmidt, who concluded that the reaction 
was between the oxonmm ion of the alcohol and the organic acid 
liotli alternatives give the same kinetic expression It is the w ork of 
Sticglitz on imido eaters which gives the preference to his point of view. 

Similarly m the production of oximes from hydroxylamme and 
ketones, m the presence of acids, Acree ^ concluded originally that the 
reaction was jtrobably between a cation of hydroxylamme and the 
ketone Later, he pointed out that his data would agree equally well 
with the assumption that the hydroxylamme reacts with the oxonmm 
ion of the acetone This latter is ’in agreement with Stieglit/As prin- 
ciple, the change being from the exceedingly weak oxomum base of 
the ketone into the ion of the much stronger base, the oxime 

The hydrolysis of ethers and acetals. - Reasoning from the well- 
known dehydration of alcohols m the ])rcsence of sulphuric acrtl to 
yield ethers, one would anticipate the reverse [iroduction of alcohols 
by hydrolysis of ethers in presence of acids This actually occurs, as 
was shown by hirlcimu'yer ® and Licben ^ Pease and Yung have 
recently estiiblislu'd the nwersibility of the proce.ss, for ethyl alcohol 
and ilii'thyl I'ther, using both sulphuric acid and aluimiu as catalysts, 
with the former at l.'KP and with the latter at 275'^ The values of the 
ecpuhbruim constants are 8-0 and 0*()G respectively From such 
equilibrium measurements they have accordingly deduced the free 
energy data for the reaction and for the formation of ethin vapour 
Acetals are mixial ethers derived from alcohols and the iiustablo 
glycols of which aldehydes and ketones art‘ the anhydrides Tlu'y are 
hydrolysed by dilute acids Their reactivity in the presence of such 
acid solutions has recently been studied by Skrabal and his co-workers ® 
and compared with that of diethyl ether Thus, with unit concentra-' 
turn of acid catalyst and with the minute as the unit of time the 
following data were obtained, in these kinetic studies, for the uni-* 
molecular constant • 

Piothyl ether . 0 0000000 Ethyl acetal of 

acetaldoliyde 30 

Methyl acetal of Ethyl ether of 

formaldehyde 0000705 orthoforraic acid 23000 

Ethyl aietal of Ethyl keUd of 

formaldehyde 0 00408 acetone 7.'i0tKl 

Cano sugar . , 0 01 Ethyl ether of * , 

orthoacetic acid 33IKXK) d 

‘ /truer Chm J . 1907, 38, 308 ' dnter Chm J , 1908, 39, 302 

’ ZtCtch / Chmu^ 1868. 4, 34.3. ‘ /tririofes, 1873, 165, 130 

® J Amcr Ckm Sot., 1924, 46. 2397 ,, 

' Skrnbal and Ringer, , 1921, 42, 9 , Skrabal and Scliitirer, ZtUttK. phytOu^ 

Chm,, 1931, 99, 290 , Skrabal and Airnldi, Monalsck., 1924, 46, 13 ; Skrabal and Ikltdiobtont^ 
Monalth , 1924, 45, 19 



,y ill the hydrolysis of the ethyl ether of urtho-aoetic acid it was shown 
^ that the reaction takes place in fw'o sta^'es : 

(a) CH3C(0C2H5),,+ 1I,()..CH,,C0()(\,II, ^2041.011, 

(b) CHaCOOOaHj + lUO- CiyxiOll +(Ul,6ll. 

In alkaline solution {a) is alow, iiKlcj)endent of the hydroxyl ion 
concentration, and therefore a water hydrolysis The. reaction {h) is 
relatively fast in such solutions. In acid media {a) is fast and (h), 
relatively, is alow. It was shown that in a primary and .secondary 
pho.sphate buffer solution the constants for (ojand (/») were respi'ctivoly 

0*052 and kf, ~ I *34 x 10 lhc.se result. s !(‘ad to an c\j)ressi()n for 

the total effect of the form 

where k,p~<yi x 10 ^ and k\ - I’Ox 10®. It is evident, therefore, that 
the hydrolysis of such bodies can only lx* accomjilished very .slowly in 
water or alkaline solutions, but, on the contrary, are readily liy.lrolysed 
by acids. In this respect the acetals are n'adily distinguished from 
■ ordinary esters. 

fekrabal, PfalT, and .\irol(li have ul.vo shown reeentlv ^ that k(‘to 
carbonic esters are much more rujiiilly bydroly.scd in aiknlinc media 
than in acid media, thus conforming to the, normal ester type. Thus 
the follo^^ing data \v<'re obtained in acid and alkaliiu' .sobilioiiH : 

(’]t3r()('()()(’,H,i . . . oiKhSie. |.| K). 

CHjOO.CHijCH. (’{)()( . 0(K)J.'-,(i 7 7 

It will be noted that the jiositional inilucncc of the ket(t group i.s very 
marked on the relative rates in the two media. 

Hydrolysis o! halogenated organic acids. A well invc.stjgated 
Dieelianism of hydrolytic acceleration is to be found in a study of the 
hydrolysis of halogen acetic acids and their sodium salts. The hydro- 
lysis of chloroacetic acid by hot water ])roeeed.s (juaiititativelv, according 
to* the equation 

CHsCl . COOU-t - . oil . (’0011 I 11(1 

and the reaction is iinimolceular,^ even with wide variation of the 
initial acid concentration.’'^ The reaction is not greatly affected by 
; hydrogen chloride, formed or added, or by the a<ldition of neutral salts 
such a.s sodium chloride in normal .solution. 

The hydrolysis of neutral .sodium chloroacetate in dilute solution 
was shown by Senter to be unimolccular with slight deviations in 
normal solutions. The rate of reaction is diminished fiy eertaiii neutral 

1 WM, 4S, 141, 

* Schwftb, van ’t Hoff, Stvdten zur chrmiichen Jfymmik. 

4 Sentor, J. Ch€m. Soc., 19<*7, 91, 461. 
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cs 

salts In ])r(‘3cti(‘e of ulkali, the reaction is bimolccular in ilihito 
solution, and may In* formulated hy tlie eijiiation 

(!H,C1 COONa hNaOlf.-OH CH, COONa i NaCl 

Tins real lion, liowever, is acciderated liy the addition of neutral salts, 
in marked contrast to the influence of such salts on the alkaline 
hydrolysis of esters 'I'lie, accompanyinif table shows the elicit of a 
senes of neutral salts on the voloeitv of the h\drolytii: iirocesses 
occurrinjt (o) in a solution of iV/ 10- sodium liroinoacetate and N/IO- 
sodmin hydroxide, (/») in a solution of A'/lO-ethvl acetate and A'/IO- 
sodiuin hydroxide ' 



Nentr.d S.ilt 

Imre ISO pir leiil 
(if \( till llv 1 iielluiiiil 

Imreisi nr iM'ireise 
(it \ 1 liii it\ ('ill nil ll lit 



j III lto.ll llllll (ll) 

pir (oiit III {!)} 

\/l tSoiln 

III Dll rail 


10 


1 liim.ili 

-.1 

L* 


siil|iliate 


12 


teiroi i.iiiiiie 

i 1 Vt 

' 0 


lien/enesiiliihuii.ite 

.11 



lieii/iMile 

1 ' 

too j 


till III. ill 

I 1 loo 

' t ! 


111 1 tale 

1 102 

1 0 1 


t.ntiiili 

' OH 

1 

“ i 


A caieful senes of in\esti<»alions of the ereat ailivity of neiitial 
salts of orf'anit adds in the former leaclion as comiiared with that in 
alkllhne cstei h\drolysis showed that the ai'tuiU was ilosel\ .isso- 
iiated with the meihanisin of tlie leaetion 'I'he etfeit w.is tr.ieed^ 
to the luleimediate fonmitnm ol sodium .levloxvai elates, as excni|illtied 
m the equation 

(’[foHr COONa ftdl^ COONa -Cll, CO 0 CIL. COONa i NaBr, 

which lomiiouuds are hvdroUsed liv alkali as fast as lormed In 
neutral solution the lompoiiiuls are hvdroKsed slowly set the leni |)0 
of the leaition. and detcniime the mtluence of m utral salts in such 
solutions 

Seiiter and Ward, in connection with this work, also iinestigatcd 
the hvilrolysis of acetoxvacetic acid and its salts in neutral, acid, and 
alkaline solutions It wxis shown that the hydrolxsis of the acid was 
catalysed by hydrogen ions either aiitocatalyticallv with ions from the 
acad itself or from added acids The hvdrolvsi.s of the acid is ten times 
as rapid as that of the sodium salt under similur eonditions, doubtless 
due to the absence of the accelerating hydrogen ions In alkaline 
solution the acceleration was enormous, the elfect of lY/IO-sodium 

' Kpntor ivml Uullf. f 1 Ai’ni .SV I<1|’ 101, i'ltS 
* Loc Cll, ftDil Sinter and Ward, J ( htiii .SV , llllJ, 101, 2.W 
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hydroxide being to speed up the reaction to 1()I).0(K) times its velocity 
in a({Ucous solution. 

The liydrol}tic decomposition of the bromo-substituted organic 
acids exhibits an interesting ease of inhibition, the hydrobromie acid 
formed in the reaction retarding the velocity of reaction, so that tlie 
constants calculated for a uninioleoular reaction show a continuous 
decrease. Miiller * formulated this inhibitory etfeet of hydrobromie 
acid in the hydrolysis of bromosuceinit* aeid, assuming the n'aetion 
velocity to be jiroportiomil to the nuehanged l»romosueeinie aeid and 
inversely to tliat of the hydrobromie aeid formed, thus obtaining an 
’ equation of tiie form 

d.r (a j) 
dt ' {J) ’ 

which gave .satisfactory agrecmn'iil witli experimental results. 

Senter “ showed that in the hydrolytie decomposition of bromo- 
propionie aeid the reaction meelianism wa.< not so sini]>h' as tliat 
asMiiiied in the case of )»rorm».sucTini(“ acid With the assumption that 
both llie non-ioiiised aeid and the ('ll((dl.,dir(’t)()' ions undergo 
ehango, (‘ach at their own detiiiite rc*aetion velcKitn-s, SeiitcT and 
Porter^ siic-cessfnlly nitc'rprc'ted tin* experimental rc'snlts The in- 
hibitory inllnc'uce of tin* hydrobromie acid would, on this view, be duel 
to the sujipression of thc' ionisation of the Icromopropioiiie. acid, 
calculation showing that in this particular case tin* vcdoeity eonstants 
of hydrolytic' dec-omposition c)f nm and undissoeiated aend wctc' /■ - (HKiO 
and /.'jj- OUHH).');) respc*etiv(*ly. 

Neutral salt action in the hydrolysis of halogenated compounds : 
cation catalysis. (’oiisiclc>ration may now be given to the* invc'stigations 
of llcclmbc^rg on the* hydrolysis of halogenated organic’, compounds in 
alkaline solutions in prc’scmee and absence* of neutral salts. Theses 
rescvirciies arc* of importance* in tin* geiuTal problem of salt I'alalysis, 
since markc*d variations in catalytic bc*lia\i(»ur of tlx* .salt.s arci shown 
in tlie differc'ut example's. Furthermore, as lironstecl ’ has n*c’eritly 
shown, these* variations arc; in accord with the nleas ch*\e!opc*d by bim 
towards a gc*nc*ral activity theory of neutral salt action 

Ilolmhcrg first studied’'’ thc? redaction betwc*en alkalis and dibrorn- 
succinic acid, a rc*action whicli. sfoichioinetncally and knic'tically, 
jcrocc'c'.ds according to the* scheme 

(TlBrCOO- +011- ->(’ll.('00 - 

I II I Hr- t HjO. 

CHBrCOO OBrf'OO 

Thc 3 velocity constants of thc process, at varying concentrations of tho 

‘ IXJC. cU., ai.U Si-nt. r and Ward, ./. Soe . 11102. 41. 4K3. " 

* ./. Chrm Siy., nicftl, 95. \V>M. * Ibul , IMI I. 99. lOW. 

* ZfUsch. pkysikai. Chem , 1922, 102, 169. ® Zetiach. phymkat. Chm., 1912, 79, 147 . 



rfiactants and also m presence of salts, show a marked dependence oi 
th(! total ionic concentration, as is evident from the subjoined table foi 
sodium as (ation 


'"SNaj 


i "’NaNO, 

1 

’"S ijSO, 

(V 

1 

0 01222 

0 01222 

! 


0 030 

1 51 

0 01727 

0 01727 

1 


0 051 

104 

0 02473 

0 02473 



0 074 

1.S5' 

0 03100 

0 03100 

! 


0 003 ' 

1 85 

0 02134 

0 02154 

1 00.113 


0 090 

2 08 

0 02134 

0 02154 

' 

0 0104 

0 097 

2 13 

0 02473 

002473 

0 0354 


0110 

2 11 

0 03753 

0 03753 

j 


0113 

2 07 

0 04504 

0 02252 

1 ) 


0113 

2 19 

0 02H1.5 

0 050.10 



0 113 

2 19 

1 


The first and socoiul coluniiis record the eoiKciitr.itions of sodium 
dibromsiiccinate and sodiiim hydroxide used, the third, fourth, and 
fiftli thos(‘ of .sodium cldorid(!, nitrate, and sul[iliate In the sixth 
(oliirim IS 1h(‘ total cation conrentration, and, in the .seventh, the 
eorrespondiiig velocity con.stant 

llolmlier}' called tins phenomenon cation catalysis, since (he velocity, 
with unchanged cation, appears to depend wholly on the total ion 
concentration, not upon the nature of the anions present Holmherg 
showed, in aeiord with tins, tliat variation of the cation, espeeully a 
eluiiige to ealeiuni and harnim suits, produced a profound change m 
velocity, an extraordinary acceleration with the divalent cations 

Hronsled shows that these results are (pnte m agreement with liis 
activity tlieoiy of salts, applied to reaction velocity He fornuil.it(‘s 
the reaction measiircsi hy means of the ecjiiation 

S ' tOH' — >(S OH)---, 

where S refers to the dihromsuccinie, OH" to the lijdroxyl ion, and 
(S Olf)- - to a tnvalent complex formed hy the association of tlie 
two anions Apjilying Bronsted's activity theory of reaction vidoeity, 
the vc'loeity should tlu'reforo he 

v-kx(C^ - “ ) X (Ojjjj - ) X 

where /^/j, and /., refer to the activity coetficieuta of the several ions, 
subscripts indicating valencies of the ions From Bronsted's solu- 
bility studies, he concludes that the activity factor varies in the ratio 
1 : ]'8 for a change from 0'()2 normal to 0-10 normal solutions The 
velocity (lata ][or sodium salts m this range yield a value of 1'6 The 
independence of anion shown by the velocity measurements is also in 
agreement with Bronsted’s theory, since the activity factor is deter- 



mined in dilute solution largely by the valence and not by the 
of the ion. Furthermore, Brdnstods solubility studies have shown " 
that as regards the activity coefficient, at the same e(}ui valent eon* 
centration, a divalent ration will influence a divalent anion more 
pronouncedly than will a univalent ion, and that this holds 1ru(> to an 
even greater degree for a trivalent ion. Ibmee the eniiane('d effect of 
barium and calcium ions In PIolmbiTg's measurements, which ('ffcet, 
however, is more pronounced than Bronsted would anlieipate from 
soluhility data. 

The success of the BrouSted theory wlnni ajiplicd to neutral .salt 
catalysis is apparent when the second restuirch of this series by Holm- 
berg ^ i.s considered. In this case, the alkali decomposition of a-/? 
dihrompro})ionic acid and dibrombutyric aci<l was measun'd. In 

this case it was found that the ratio the ratio ol the velocity 

M) (12 

constants in (M and 0'()2 normal ,soluti<tiis, had a valm; of I '21 as 
compared with a value of 1*8 iu the prindous example. The similarity 
of the two sets of reactions would lead one to expect a similar salt 
effect. Brdnsted indicates the dilb“ren(‘e hetwi'cii tiie two exiimpl(‘s 
hv ))ointing out that when'as the case already eon.sidrred in\olves a 
(livahmt halogenated aniim, this s(‘iond riiseandi involves a univalent 
anion, wIkmicc tlie reaction nu'asured liccoim^i 

A toil OH)- . 

and, as a conse(|i]cnce, the nxiction velocity e,xpr('s.sion IxM onn's 


(*-•-/» x<‘oi 






Kor .such a svstem, from activitv tluairv. a value for - 1'22 is 

_ J'i 

theoretically caloulable, in agreement witli tlu; oh.servaiions recorded. 
Similarly, for a lati^r re.search of Holmherg,^ the hydrolysis of 
actdyl glycollic acid : 

(TUlAe enroll 

I “ fOll -i f AcO . 

roo“ 

the reaction type is exactly analogous tti the prix-eding case, and so 

the same salt effect, ~ = l*22, should he, and is, found. The alkali 
A'O 02 

hydrolysis of iodo-acetic acid al3<» showed a positive salt action, a(| 
would be expected from th(} equation 

CHJCOO - + OH - - CILOHCOO - + 1 . 


' ZeiUch, pkystlail. Cketn., 1912, 80 , fi73, * Znt«k. phynknl Ch^m , 1913, 84 , 

» MM. K. ytif.w>kajmkad. Sobel ln’^l,, 1919. 8 , Nr. 11. 
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The conversion o{ lodo-aoetic acid into sulpho-cyan-acctic acid * showed 
interesting results In neutral solution the reaction sIiowimI the noniial 
salt eflect which wouhl be expected from the ecpiatiou 
fdljICOO^ + ONS - =CH2(ONS)(:00- f i- 


Th(! ratio was, m the mean, 1'29 

aiiproximately 1-2 The reaction conforms to a velocity equation of 
th(‘ form 


Further, the ratio ' was 

'‘N.i’ 


'c-UC,.|r,i((,o xd, 

j'i 

In strong acid solution, on the contrary, where the dishociatiou of the 
lodo-acetic acid is practically suppressed, the i ('action must be, primarily, 


CHJCOOH +CN8- -CiydNSlt'OOll-h I 


On Uronsted's activity tlu'ory this would give a velocity ('([nation of the 
form 

)) = /i xCci[,i((ioirxO( NS x/q, 


in other worils, the normal r('aetion process, Ifirmsled's Tv|(e 0 
Actually, and in eomph'te agreement with this view, Holmberg louiid a 
V('lo('ity constant jiraetically indejH'iideiit of acid and total ion eonci'ii- 
tratioii, although this latter was varied sixfold and the formei fourfold 
Hydrolysis oi lactones. — Hi'iiry,^ and latir Holmberg,* showed that 
the hydrolysis of ydactoiu's by alkalis occurs according to the ica(.tion 
equation 

(III, (Tl CIloCTU'O 

I ■ 'l soil -(Tl, (TIOIl (TH (THCOO 

' ■ -0 


It should, therefore, on llronsted’s theory, sliow no lu'utial a( turn, and 
this was found by both the aid hois coms'riK'd 

The ii(b'bty with which the Hronsted theory, as here iikIk ,it('d, 
interprets the varied maiiib'stations of lU'Utral salt efled m these 
several ri'actioiis, as contrasted with the eompleti' inability of other 
t-lieoru'S to interpret so varied a lu'havioiir merits, for the theory, the 
closest atti'iition and consideration of thi' stinb'iit of homogeneous 
catalytic action 

The diazo-ester reaction. -It was showm by (’urtius'* m 188, '3 
that the diazo esters interacted with water with evolution of nitrogi'ii 
• and formation of hydroxy-derivatives of the ester residue as exemplified 
by the equation 

1 1 VtI . coo C,ll J + HjO OH . CIT, . 000 . 

N/ 

' Ziilscfi pkyi\lMl Chm , 11)21, 97, 131 
> tbid, 1912, 80,587 


* Ihd , 1802, 10. 9(1 

* J pr Ch(m (11 ), 188.1, 38, 401 
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The roaction is therefore a liydration process accompanied by 
decom}>osition of the molecule. As would be anticipated from the 
jirevious examples of hydration processes, Hredig and Fraenkel ^ 
showed that the reaction was catalytically accelerated by the presence, 
of acids. By a study of the reaction velocity in the jiresence of a widely 
varied series of acids as w(‘ll as with mixtures of acetic acid and sodium 
ac(‘tate, they demonstrat<‘d a clos<* ])roportionality between hydrogen-ion 
concentration and the rate of evolution of nitrogen. The extreme 
sensitivity of the reaction to hydrogen ions was made use of in a succeed- 
ing inve.stigation of Spitalsky.' who tletermined with its aid tin' degree 
of hydrolysis of potassium (lichromate. With this method it could he 
shown that in a dilute solution containing O'Oltht mol. of tin* dichromate 
pel litre, tlie hydrogen-ion concentration of the chromic acid prodiK'cd 
by hydrolysis was O'lHMKiW mol. per litre. An even more .striking 
application of the sen.sitivity of the ri'action was made by Walker and 
Cumming,'^ who ajijdied the diazo nu'thod to the determination of the 
liydrion concentrations of amphoti'rie electrolytes, excellent exjien- 
inimlal agreement being obtained Ix'tween the values obtained anil tho.se 
calculated by Walker. Thus, for a A'/d2 antliraniiic and solution, the 
found and calculated values were respectively ( hi - (MKHrilb andb-(HM)27. 

If the diazo-ester decomposition occurs in alcoholic solution, the, 
ester sjilits oil nitrogen and adds on a molecule of alcohol, which (‘hange 
ma\ be rejire.sented by the, eipiation 

\ 

II {1I.('0t).(.hll.5 + fUL..0H -('.dl.O.CH., t’OO.tUlsi No. 

N 

This reaction is also markedly .sensitive to the pre.sence of hydrogen 
ions, and can be u.sed, likewise, for the determination of liydnon 
concentration in alcoholic .solutions In working out tlu' process, 
Brcdig and FraenkeP noted the retarding inlliience of small (juantities 
of water on the reaction velocitv. in many as|)ect..s similar to that 
observable in esterification juoce.s.Kes m ah'ohohe solution, extended 
treatment of which is given in the .succeeding ihajtter (p. d()7} The 
researches of Bredig, Millar, and Braune"' dcnion.strated the analogy 
between the results in the two reactions, even to nume.rical agreement 
in the calculations of the hydrolytic, constant of the hydrogen-ion 
alcoholate assumed by (loldschmidt to be the active catalytic agent 
{ridr p. 360). Millar was able to show not only that addition of water 
decreased the. velocitv of deconijiosition in alcoholic solulion, hut also 
that alcohol decreased the velocity of dccomjiositioii m aipieous solution. 
The appended table illustrates this fact with a picrii'-acid conci'iitratiori 
of 0-(KKt009 mol. per litre as catalyst in each solvent medium. 


* ZfilJirh phtj*ilial. ('hf.m , 60, 202, 

® phijA,hil. Chem . lf«)7, 67, 578. 

* ZntHch. phjtikal. ( hem., 1913, 86. 12», 170 


* Zetl^tch (ittfirg ('hfw , 1!8>7, 64, 26.5. 

* htr. rif. 



36 n' ' CJATAiYSIS iY'tHEORY and practice’ ' m.: 


(Inns Altnhol 
lMrliJU(frm3 «( 


.Mob of Water 


IlciKtlnn-Mhliirp 


per litre 


0 

0 ()3{)(> 

0 

0 057 

:j3i 

0 0,320 

010 

0 033 

(1 ()!) 

0 0289 

0 04 

0 018 

112 

0 0204 

2 SO 

0 (KI04 

21 (1 

0 01,13 

512 

0(M)4t 



10 24 

OljOtO 

1 

1 

15 .36 

1 

0 (K)70 



1 



'Flic initiimuni valiio for I orcurs at a concoiitration of (j niols of 
water per litre, or at a water coiuentration oi II per cent This 
iiiliibitory inllucncc of each on the other w extremely intercHtuiK and 
important in respect of the theoretical interpretation (loldschmidt’s 
esterification hyfiothesis seems scarcely applicable, without modification, 
to the pri'sent case, since it assumi’s non-activity of the free ion and 
lon-hydrafe, an assumption scarcely consonant with the marked 
catalytic ai ti\ity (lis]dayed by acid catalysts m deeomposifum of diazo 
eaters 111 mpieons solution The mflueiiee of neutral salts with a common 
anion on the catalvtu activity of the acids was studied by Siicthlaee,* 
who showed that the experimental results olitamed were m haimonv 
with the thi'ory that the unilissociateil molecule of the catalysiiif; acid 
possessed catalytic activity The results, however, may also be ascribed 
to the var)ing ealiilytic. ael.ivity of free and hydrated hydro;,'eu ions 
Broiisted and Teeter “ have recently initiated studies ol the salt 
cllect m diazo-cHtcr decomposition They point out that the reaction 
may be looked upon ,is a bimolcciilar reaction involving the ester 
molecule and the livdrofjen ion As the first of these is neutral, no salt 
effect IS to be expelled when the hydro^ren luiis come from a strong 
and if. on the other hand, the hydrogen ion comes fiom a weak 
(deetrolytc, a secondary salt elTcet may be, expected 

Tilt' process of electrolytic dissociation may give rise to the formation 
of ions of opposite sign, as in the following instances 

(dljOOOII -yH'+CTIgCOO- 
aml TH^ ->ll< +T--, 


where the, latter ctpiatiou represents the second dissoelation of tartaric 
acid In such cases addition of salts, m dilute solution, always increases 
the dissociation, since in the equilibrium equations 


}( K _ ^T-- 

“ I'iUc ‘ 

vliere A'u, the thermodynamic mass action constant, is a true constant 
* phpiLil Chm , I91S, 86, 238 * J i'hem, 1024, 28. 579. 
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" at constant temperature, and and /j. tlie activities involved, are both 'j 
decreasing with increasing ion concentration. 

On the other hand, electrolytic dissociation may take place with no 
change in the total number of electric charges, as exeinplilied in the . 

, dissociation of the ammonium ion : 

Nir4‘ 

or the hexa-aquo chromic ion : 

The thermodynamic mass aedion law gives here 


f y ■ * /a 


where /" ^ and indicate the respective di- and trivalent ions, /j, 

/g, and /.j the several activity coellicients of tlie ions. Tlie ilissociation 
of ammonium ion is, hence, little ulTected by addition of neutral salts. 
In the case of the chromic ion eipiilibrium, the salt addition must 


cause adecroase in the dissocial ion, becausi 


/.I 


increases with increasing 


concentration. 


These conclusions from the activity theory have been verified by 
Bronsted and Tc.cter by studying .salt effect in the decom])osition of 
diazo-acetie ester in acetic-acid solutions and in .solutions containing 
the hexa-aqiio chromic ion. In eacli case pota.ssium nitrate, was the 
added .salt. In agreement with the premises, a jiositivi' salt effect was 
olitained with acetic acid and a negative effect with the h(‘xa-a<juo 
chromic nitrate. 


AU’OHOI.VHIH 

The hydrolytic proces-s may be generalised for all compounds 
vContaining the hydroxyl group by mearus of tin* eipiation 

KCOOR' +ir'OH 5.:^ iron t rcoor". 

When R'OH and R"OH are two alcohols the process may h(! termed 
alcoholysis, a de.signation due to llalh‘r. The process is also spoken of 
as ester exchange. * ’ 

As with normal hydrolytic processes, strong mineral acids are active 
catalytic agents. In agreement with the higher efficiency of alkalis or ^ 
hydroxyl ions as catalysts, it was found by Reid ^ that sodium ethylate j 
was an even more efficient catalyst than liydrorhloric acid. Thi 
reaction is reversible and equilibrium is establi-shcd dependent on the| 


» Amtr. Chm.J.. 1911 , 45 , 506 . 
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# 

concentrations of the two alcohols and their respective affinities for 
the ester acid 

Haller ^ showed the ajiplu ability of aleoholvsib to the replacement 
of ( oni|)lex alcohols, such as glycerine, by simple alcohols, such as methyl 
alcohol, in fats and oils, as, for example, cocoa butter, castor and 
linseed oils Ills observations w'cre made with hydiogen chloride as 
catalyst Ills work constitutes an ajnphfication of early observations, 
with the same reaction in ethyl alcohol containing hydrogen (blonde, 
ri'corded by Kochlcder and Bcithelot * The exchange, m the case of 
jiolyhydnc alcohols, may b(‘ stopped at intermediate stages, wliereby 
partially (>sterilied glycols and glycends are obtaiimd 

' I’lmipl I'HMi, 143, or):, S(M, IW, 144 (W , 191(8, 146. JV) 

' Amilfii, 1819, 69, .’W) ' Ann i'hm l%p , 1861 (iii ), 41, SI I 



CllAPTI^R XII 

I)KH\ DHATION' 

Thk roiniival of tlio (‘lomcnls of water fl'oin a e<Mn|i(nin(l or eompoiiiKis 
with simultaneous jjroduetion of a ik'W siihstanee ih one of tlie earliest 
types of n'aetion stu(li(*(l from the ealalylie point of view. Tin' 
dehydration of ah'ohol hy means of siilphurie acid, yiehlmit ether or 
ethylene, forms one of the elas.sieal examples of reaetion in liomoi^n'm'ous 
Inpiid systems from the theoreiieal point of view, whilst possc'ssinj' a 
teehnieal importanei' no h'ss ^reat in the processes of or<i;anic synthesis. 
'Fhere will he shown in the .^meci'edin;; pti^'es the wide apj>heahility of 
catalytic fhdiydration proee.ssi's operated huth in homojieneous and in 
hetcrojte neons systems. The reactions comprise the production of 
ethers and livdiocarhons hy dehydration of .ilcoluds. the ])rodu(tion 

I ' of esters hy removal of the elements ot water fiom an ah‘ohol and an 
acid, as well as process<*s of dehydration in whn h are prodiict'd com- 
pounds as varied as aldehv’des. ketones, ho'tones. anhydrides, amides, 
(thiols, and many otluTs. 

Dehydration of alcohols to form ethers. 'I'he prodintion of ether 
from alcohol and snljihuric amd at 1 to' is an exaiujtle lr(M|iiently cited 
in evidence of the fact that a small quantitv of the catalytic .suhstanee 
is capable of acceleratiiifi: the transformation of eonsiderahle (juantities 
of the reacting suh.stances. Kurth<‘r. the c\plaiiation of the mcclianism 
of the process hy William.son in 1 H 51 . based upon the intermediate 
formation of ethvl snljihuric acid, is at oihm*, a classical and sjilcndid 
examjile of tin* role of tin* intermediate comjiound in many catalytic, 
processes. It is demon.strahle that alcohol and concent rate, d siiljihurie 
acid may react together to yield an acid ester, ethyl suljihurii; acid, and 
water, according to the eejuation 

C2H5 . OH t HgSO, ( yir/) . so., 11 +140, 

the products being stable in the cold in jiresence, of exce.ss of alcohol. 
At 140 ”, how’ever, the ethyl snljihuric acid is cajialih* of <'ofnhiiiing with 
further quantities of alcohol to prcniucc etliyl ether with the sirnultaneou.s 
leg^eration of suljihurie acid, as follows ; 

C2H5O . S 0 ,H + C2H5 . OH 1- H2SO,. 
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If the whole process be conducted, ab initio, at 140°, ether cbstils oh 
uninterru]>tedly if alcohol be supplied continuously to the system, and, 
theoretically, the process might continue indctinitely. Actually, m 
ynactice, dilution of the acid with water and its partial reduction to 
the lower state of oxidation by side reactions cause the process of 
etherification finally to cease 

Kthyl sulphuric acid is capable of decomposing at higher tempera- 
tures into ethylene and sulphuric acid, which latter may again react 
with alcohol and yield further quantities of ethylene 

(yi^o sOjH-^cyi^sHjSo, 

This, therefore, is a parallel catalytic process to the above, and 
yiredominates at temperatures of 160°-170°, though naturally it must ■* 
occur to some extent at the lower temperature of etherification It* 
will be obvious also that the attainment of successful yields in the 
production of ether is dependent to a degree on the avoidance of the 
secondary reaction yielding ethylene 

The production of ether on the technical scale is one of coiiHiderablo 
importance, since etlusr functions as a solvent in iiiaiiy technical pro- 
cesses, more especially those connected with the manufaiture of 
explosives and the organic chemical industry Some details of the 
yirocess as operated may therefore be uuen 

The original types of plant were adaptations of tin* laboratory 
methods of preparation to the condition of technical operation. 
Definite, mixtures of alcohol and sulphuiic and wine distilled from 
suitable containers, and the disapiiearauce of alcohol hy convi'rsioii into 
the reaction products was eompcusaled for by contimious addition. 
The distillate subsequently underwent processes of piirilicatioii whereby 
the secondary products of reaction were removed, the final rectification 
being a jiTocoss of fractional distillation 'I'he jirocess as thus con- 
ducted was cumbersome m detail, and ill designed to meet requirements 
for large output Such jilant, therefore, has given jilaee to designs 
more adapted to the needs of the various industries concerned Actually, 

111 the reorganisation, the type of eatalYlie reaition has been ehanged 
from a reaction in liomogeuooiis iKpud system to one between alcohol 
vapour and the liquid catalytic agent, suljihune acid of a definite 
concentration maintained at a fixed temperature m the neighbourhood 
of 140°. The alcohol is vaporised in a aeries of preheaters and passe* 
thence directly into the catalyst raednim Reaction occurs with 
evolution of heat, so that it is necessary to cool the sulphuric acid b) 
means of tubes immersed m the liquid through which cold water if 
flowing The products of reaction, ether and water, together with i 
certain quantity of unchanged alcohol, pa-ss away from the catalyst 
m the form of vapour, directly to a dcphlcgmator in which the 
stituents of the mixture are fractionally condensed At the lowest exi 
from the fractionating column, the water is removed At a highfi 



J|vel, pure alcohol is drawn off and returns to the incoming system, 
^ whilst at the highest point in the system the ether is condensed and 
^removed. Owing to the fact that the ether vapour travels btdore final 
;condensaiion through the vapour of absolut-e alcohol, the ether obtained 
is very efficiently dehydrated. Ether of the highest grade of purity is 
thus obtained in a one-.stago continuous operation. T!ie product is so 
.pure that it has been stated to be better than that obtainalilo in the 
laboratory with the best refinements of working. The overall vield 
of the process in ether is practically quantitative, u trustworthy figure 
quoting more than 97 jier cent, conversion of alcohol to ether. 'Fhe 
percentage of the inflowing alcohol converted in one operation amounts 
to 75, the residue flowing back, as mentioiuMl, from the fractionating 
column to the inflowing alcohol. In the operation of the improved 
system, side reactions arc practically completely eliminated, whilst, 
since the, water is removed in the resultant vapiiur phase, dilution of 
■■the catalytic medium is obviated 

As catalytic agent, various acids other than suljfliuric have been 
suggested and employed. Pliosphorie acid has found u.se in tliis mannor , ' 
as it IS more difficultly reduced than sulphuric acid and m> may have a 
longer period of activity. Similarly, a recmit proci'ss of Kraft employs 
beiuenesuljflionic acid for the prcjiaration of (ithvl ether ami other 
members of the series, and other uromatie sulphonic acids may be 
employed in like manner. l{owev<!r, it may safely 1x5 stateij that their 
use is unnecessary in the light of tlie information n'corded above as to 
operation with sulphuric acid. Aiihydrouszinccbloridcmayalso be iisial.^ 

For the synthesis of more complex ethers fin* method of catalytic, 
dehydration of the correspomling alcohols is in gt-neral unsuitabh;. It 
is found that at the tetnpcratun*s ma-cs.sarv to <*lTect dehydration to 
other, the complete dehydration to hydrocarbon also occurs to a marked 
.degree. Thus, even with propyl alcohol, a considerahle amount of 
propylene is formed simultaneously with the ethe.r, the yield of which, 
therefore, is corrcspondinglv reduced. 'Die predominance of hydro- 
carbon formation is still more marke»l in tin* case of secondary and 
tertiary alcohols. 

Mixed ethers may be obtained by using two alcehols with .sulphuric 
acid as catalyst. In this manner, a mixture of the two dialkyl ethers 
and the mixed ether are obtained. Methyl ethyl, ethyl-propyl, and 
ethyl-isoamyl ethers have been thus preparc<l.-* 

In the vapour phase the elimination of water [iroduces. mainly, the 
corresponding hydrocarbon. Only with alumina at 210^ has the 
production of etliyl ether been noted.'* At more elevated temperatures, 
production of ethylene is practically quantitative. Ilaskorville '* failed 

* Boulay, AnnaUn, 1913, 4*. 270. 

for rxamplp, Pet<*r, lin., 189il, 33. HU>. 


* , iH30, 31, O'l. 
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to f'ct ether from aicotiol usinf;; thona as ai:;cnt, even at temperatures 
as low as 25(3'’ With phenols, however, in presence of thona at 400°- 
500'', aromatic oxides result 

2(;H, OIt = ((Vl5),/) + H,(), 

and simultaneous dehydration of a phenol and alcohol, using thona at a 
temperature of 4(K)°, gives a mixed aliphatii aromatic ether 

OHityi. on— >(yi 5 o ojIsiHjO 

Hydrocarbons by dehydration o! alcohols, Tlie miin'ral acids are 
tlie normal agemies for the delivdiation of alcohols to yield hvilro- 
earhons, the operating lemperatiire heing liigliei than in tin* case of 
ether formation 'I'lius ahohol and sulphiiru aeid at l(i()'’-170'' yield 
ethylene. At 140' ether is the mam prodiul 

A varietv of other (atahtic materials has hi'en emplo\<‘d to effect 
the dehvdralion (d ahohols to yield hydrocarhons \ due to the 
nature of suitable agemies for such operations is at hand in the well- 
known praitiee of adding sand to the siilphuiu acid-ahohol mixture 
emploved for the lueparation of ethylene, in order to ensure a steady 
gentle e\olntion of tlii' gas tlrigoiielT' first indi(ated the use of 
alumina as a ddixdraling agent for .deohoK lp.it lew ' studied tins 
aitioii also and found that giaidiite w.is .ntive, probabl\ by reason of 
its eoiitent of el,i\ hlxteiided investigation of sin li (utalytn agents, 
prim ipallv b\ Sabatier ami M.iillie * h.is shown that (arbon phosplioriis, 
and a ntimbei ot oxides, ,is well as iMilid dehxdrating .igents sm h as /me 
chloride, basu alummiimi sulphate, .md anhvdious (ahmm sulphate, 
all promote (he d(“hvdr,ttion of .ihohols 

Aimmil charcoal is, when lomparPAl with certain imUallie oxides a 
relatnely poor dehydrating lataKtic agent It is markedU inferior 
even to red phos|)horus, whub possesses ipiite .ntive (.itaKln influence, 
with, however, the disadvantage that small ([uantities of phosjihoretted 
Imlrogen are simiiltaneoiisl) iirodmed and must be leinoved from the 
resulting gaseous |»rodm ts 

Sabatier and Mailhe ' investigated tin aitivity of oxide e.ilalvsts 
at temperatures m the neighbourhood of ;>(l(l“-t(M) It was shown that 
the majoiitv of oxides promote two leaetions simult.ineou.sly -one the 
jiroiess of dehydration, the otlier the process of dehyilrogenation By 
analysis of the gaseous prmliicts resulting from the dehvdr.itiou of ethyl 
alcohol It was possible to show that, with certain catalysts, etiulene 
was e.xilusi\ely produced, but that, generally, it was admixed with a 
certain proportion of hydiogen The following table shows a senes of 
oxides arranged m the order of activity as dehvdrating agents, the 
figures referring to the percentage ot ethvlene in the etiivleiic- hydrogen 

* J A’m'.' I'hiii I'Iniii iVor. liKll, 33 171 Ihll S.*- Tti i w , IVis HXl,;iiii) 26, CIJ 

* lirr. nmi 34. VHl 36 1017 I 'HU, 36, IW 

* Inn. (Aim t’Ai/s , UIIO (vin ), 30 2S0 * ui ' 
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inixlurt' produced by passage »{ alcohol vapour over the oxide, mass 
maintained at d4()'^-350'^. 


'I'hO. 

Abo; 

W,<b 

Si( . 
TiO* . 

BoO'. 

ZiO.. 

I’.n, 

F(',U, 
Vj), 
Ziio . 
MnO. 
SmO . 
('(10 . 
.Mii,( »4 
Ml;() 

('ll . 

Xi . 


The figures indicate that thoria is exelusuely a ilehydratmg agent 
under th<‘ conditions named, whilst alumina and the bliu' oxnh' of 
tungsten are practicallv (|uantilative in this respect. Witli the 
remainder, however, tlie (hdivdrogenalion process niore and mon' pre- 
dominates, until finally with oxides like SnOand (MO tin' delivdrating 
action i.s entirely suppressed 

In regard to tin* thre<‘ eOVetive agents, Sabatier reached tin' following 
conclusions. Thoria is tin* most robu.st. It.s actuitv decn'uses but 
slowly, and may readilv In* reston'd bv ignition to redin'ss. The blue 
oxide of tungsten is pn'pared in silu by lediiction oi tiingsti'ii oxidi*, 
and may be n'juvi'nated by reo.xidation and .sul).sei[Ut'nt reduction. 
Alumina is very si'iisitive as a dehydrating agmit. to the jihvsical statu 
of the, catalyst An active form is prepan'd bv dehydration of the 
^washed jirecipitated hydroxide (obtaine'l by the decoinjiosition of 
(Sodium aluminat*' with sulphuric acid or from tin' nitrati; by precipn 
jtation) at a temjierature of 3IH)'. Ignition at higher temperatures 
renders the catalvst considerably less activ«‘ On the contrary, the 
active material jirepared at 3(Hf is very si'usitne to accumulations of 
decomposition products in the cataly.st mass, and its n*activity rapidly 
' diminishes on this account. According to Milligan * bauxite has marki'd 
I'atalytic activity, varying widely with the saniphe 

The relative elficiencies of such iixide cataly.sts have also been 
investigated by Adkins and his co-worker.'*.''^ They e.onclinle, that in 
the coinparhson of chemically identical substances for a givi'ii ri'action, 
for example the dehydration }iroces.s under consideration, the metlnxl 

‘ SflUatuT-Keiit (V)iH No'draiiU & Co., IWi-). p 
* J. Affur. Chan. 1922, 44 , 2175, 192a, 45 . 909, 1921. 4 «. l.Ki, 1925, 47 , 807. 
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of })reparatioii may bo moro important than the chemical composition 
of the catalyst Then work shows also that the state of a catalyst, as 
{h'termmcil by preparation and jirc-treatment, governs not only its 
absolute activity, but also its relative activity towards two or more 
alternative reactions Furthermore, they indicate that it is easier to 
dujdicate relative nctivitu'S than absolute activities in diflcrent catalyst 
pH'parations by the same method As illustrative of the selectivity 
secured by method of jireparatioii of the catalyst, Bischofl and Adkins ^ 
have recently shown that with seven diflerent titaiiia catalysts, prepared 
from butyl titanate, titanic acid, ethyl titanate, methyl titanate, 
titanouH cldoiide, sodium titanate, Demauay's oxytitaiiates, and 
iso))ro[)yl titanate, a jirogressive decrease in the ratio C2ll4/CUIg + H2 
IS obtained in the dehydration of ethyl alcohol A fivefold variation in 
this ratio is secured with these seven catalysts 

The ethane jirodiiced in this reaction is ascribed by Bischoff and 
Adkins to a simultaneous autoxulation and leduction . 

2('ll,Cn20H=('ll,,.CIf,t(.Tl3CH{) + il,U, 
one moli'cule of ahohol being oxidised to alcohol and the other reduced 
to the hydrocarbon There is no evidence that the ethane is formed by 
interaction of ethvlein' from the delivlration jirocess with hydrogen 
from the dehydrogenation process Kngelder ^ actually tried tins 
without siKiess and concluded, atcordingly, that tin* ‘ nascent’' 
hydrogen produced caused the hydrogenation of the ethylene Bischoif 
and Adkins’s vn-w is a possible alternative 

{\tnsiderable attention has been given to the mechanism of ethvleno 
imiductioii from vaporised alcohol in contact w itli dehydration catalysts ® 
Ipatiew concluded that the reaction occurred in two steps Senclerens 
hcdic'ves that the foimation of ellic'r and c'thylcme arc‘ two independent 
reac-tions, but Peuse and Yung do not think that his c'arly evidence was 
decisive Adkins and Nisseii pointed out that, m their studies a given 
alumina catalyst causes the formation of the same amount of ethylene 
from ethyl ether that it does fioin c-tliyl alcohol, although there is twice 
as much water formed from the' alc'ohol as there' is from the ether. 
I’ease and Yung showed, as a c'omjilic'atmg factor, that ether may 
ih'composc' to give one molecule of alcohol and one of ethylene These 
latter authors conclude, that the reaction to yield cuhvletie occurs la ■ 
st,('[)s and that it is not necessary to assume din'ct dehydration to 
c'thylene, although this is a possible meeliaiiism From a study of the ' 
rate of dehydration of alcohol and ether on iitania, Bischoff and Adkuis 
show that etlier is only one-half as rc'aetive at as aleoliol is at a. 
tempc'rature of ttXF Tlic'y coneludc from this that ethyl ether is not, 
an intermediate stage in the product ion of ethyloy^" 

' J Amtr ('km SVe , Ul^j, 47. SI I » 1 i’Ay/ them, lOi:, 21, 676 

> liwtmw, Btr, im, 37, .>1186, .Vmiiivns. Ball Ckm. 1008, 4. 821, Adkina 
Nidscn, Amir. Ckm Sm , lO.M, 4«. 1.W, I’cMe wid Yung, xbid , 1024, 46, 390, Il.xuot! 
and Adkins, tbid , 1926, 47, 814 



^ Dehydration of aldehydes and ketones. — ^As is disclosed by the patent 
literature, the preparation of compounds containing conjugated double 
bonds by dehydration of aldehydes is a matter of considenible imi)ort- 
ance in view of the possible condensation of these reactive products 
to terpenes and rubbers, Aluminium silicate at is stated to 

be an effective dehydrating agent for this jmrpose. Thus U.B.P. 
1033327/1912 claims the use of this material for the dehydration of 
butyraldehyde and valeraldehyde, (\(j. 

CH 3 . CH 2 . CH 2 . CHO (Tf., : Cll . CH : V\\^. 

Methyl isopropyl ketone when passed ov(‘r kaolin above 400'' gives 
i^oprene,^ probably via 3-methvl-butadiene : 

/CII 3 /'ll 3 A’ll, 

CH 3 OO . CH<; CJI 2 : C : ^ ('II 2 :V]l.V' 

OH 3 N 0 I 3 

Dehydration of amides yielding nitriles. - Amides, either in tlie liipiid 
state or, better still, in the vapour phasi*, undergo dehydration, in the 
presence of a variety of catalysts, to give the corresponding nitrih'.*'* 
Thus, from acetamide, acetonitrile can readily bo obtained : 

CHatXliNllo-CHaCN 1 

with alumina, pumice, and sand as catalysts. There is some evid(*nco 
in the data given by the authors cited that e(juilihrium is attained in 
the li(}uid state at about GH per cent nitrile formation at a tcinjicratiire 
of 250^-260'^. In the va])our phase, at 420'\ a 90 per eent (‘onviTsion 
was attained. The aldoximes, which are, isoinoric witli the amides, 
yield nitriles liy similar treatment. 

Van Ep})s and Reid produciKl the. amide from acid and ammonia 
and dehydrated the amide as formiid in a single operation,^ alumina 
being a convenient catalyst operating at a tempiiratun; of oOtV 0. An 
85 per cent yield of nitrile was thus obtained from acetic acid, 

Adkins and Nissen * showed that the. formation of nitriles from 
amides is not affected by modilicalious in the pnijiaration of the 
catalyst, in sharp contrast to the riaictions of alcohols already discu.ssed. 
They ascribe this to the lack of inllmmce of sfiatial relationships of the 
catalyst material. It may be, however, that tin* real reason is that 
practically the whole of an alumina surface is active in tins reaction and 
only a small part of the surface m the alcohol case. Possilily some 
; clue to a decision in this matter could be reached by a study of the 
T J'elative poiso/iing of the? catalysts in the two reactions. 

Dehydration of hydroxy-acids yielding lactones. - The elimination of 
; water from hydroxy-acirls with formation of Ia(’tones is a dehydration 


‘ and Kyriakides, U.S.P, 110621)0 ; .7. Sor. Chm. Ind., 1914. 33, 942, 

* Boehner and Andrews, J. Amer. Vhem. A'oe,, 1916, 88, 2503; Ika-hncr and Ward, tlnd., 
fim, 38 , 2605. 

* J, Amer. Chenu 8vc.. 1916, 38 , 2128. 


* J. Amer. Vhem. Soc., 1924, 46, 130. 
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])rnc(\SH catalyticallv accoloratcd hy acids The reaction occurring, 
which may he gciuTaliscd as follows 

R vn OH((:ils.)n ('OOH^R CH(CH 2 )n C0 + H,0, 

I 

0 

IS the result of an e(|uihhruim between two oppoM'd reactions, which, in 
})res(‘nc(! of aiids in dilute aijueous solution, where the concentration of 
water may be regartled as constant, an* iinimoh'cular and are both 
catalytically promoteil by addition of adds The reaction velocity m 
such a process is given by the e((uatlon 

where a is the initial (oinentration of hydro\y-a( id, i the amount 
transformed at time I, and and L, the reaction constants of laitono 
formation and the reverse Indrolysis lespectucly in pti'seiicc of the 
added acid 

If the (‘(piilibriiim constant of the leaction be K, then 


and conseipienllv 


and this expression, 
the eipiation 


on integration, }iel(U, as was shown b\ 1’ Henry, ^ 


k,\L log 


Kii 


t l\n -(K \ \)i 


The e(]iiation gives values for the ,sum of (he two leaetioiis in terms 
of the eiiiiilibriiim constant and (he tpiantities of acid and lai tone 
present at the times t^ and / It was tested exjierinientallv by Henry 
111 the case of hvdroxv butyric acid good reaction constants for f^, i L^) 
being found with the aid of tin* (‘xpi'rinientallv determined eipnlibriiim 
constant In the conversion of owvaleric acid to valero- 

lactoiie it was found that the eipiilibriiim concentration of lactone is 
more than 1)2 per cent of the original (onoeiitration of hvdroxv-acid, 
so that the inllueiice of the reverse reaction on the velocuv of lactone 
formation was small, and the jirocess occurring could be treated as a 
simple uniinolecular reaction with the velocity eipiation , 

log - " , 


to which, obviously, also, the above equation for the two op[iosmg 
' Zntdch jJiysikuI Chem , 1892. 10, 98 
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K'actions roducos when j\ heeomes larf^e in (■oin])aris()H with the 


other magnitudes. 

Studied thus as a unimolecular reaction, it was shown by Henry 
that the conversion of oxyvaleric acid tt) valero-hictone was catalytic- 
ally accelerated by acids in proportion to the conctmtration of the 
hydrogen ions. A more exact study of tins reaction ' in jiresciui' of 
varying concentrations of cataly.smg acid with and without the athlilion 
of neutral salts having a common ion, has shown that tin* proportionality 
to hydrogen-ion concentration is not, however, an exact one, hut that 
the deviations are analogous in exa'ry way to tho.s«' already oh,ser\f'il 
and noted in the case of catalytic hydrolysis and synthesis of »‘stt‘is, 
and that, therefore, the same explanations of mechanism of the catalvlie 
activity may also be employed in this case 

Since hydrogen ions are catalytically active m promoting lactone 
formation, it is obvious that the liydrogtm ions formed by soiulion of 
the acid itself in water will accelerate the reaction - another example of 
auto-catalysis. Furthermore, since m the jirogress of uuto-('alalvtic 
action the concentration of hydroxy-acid is progressively diminished 
with formation of lactoiu', it is obvious, also, that the auto catalvlie 
activity, and conseipiently the rate of reaction, will diminish. 'I’he 
reaction thus affords an intenesting example ol auto retardation The 
intluenci* of tlu'se two factors of auto-i'afalysis and auto ri'tardation 
on the vi'locity of lactone formation in aipieiius solution was spiM'ially 
investigat»‘d and mathematically forinulatial bv Collan- in a study of 
the conversion of car boxy benzyl alcohol to the cyclic lactone, ])hl halide : 


d’H^ OH VW, 

H'OOH (O- 


The reaction has been studied in further detail bv Kailan and 
Neumann,^ who have shown that with hydrocltloric-acid concent rat ions 
up to one-fifth normal the vidocity is almost exactly proportional to 
the acid concentration, and, therefore, ri.ses much more rapidly than 
the hydrogen-ion concentration. .\t higher concentrations of catalysing 
acid the increase in velocity is rnoie rajud than that of the hydrf)gen-ion 
concentration but less rapid than that of the molar <'oncentration. 
They attribute the catalytic activity, therefore, to the hydrogen ions 
solely and ascribe the deviations from strict proj>ortn)nality to a salt 
effect of the extra acid similar to, but le.ss than, that c.xerted by neutral 
salts. 

The reaction is one w^hich is adapted tx) study in solvents other than 
water. Kailan and Neumann have studied the, reaction velocity in 
alcohol and alcohol-water mixtures. They fiml that the formation of 


* Taylor and Clow-, ./. Amer Chtm. Stir., l'U7, 39, 122, 

* Ziilsch phyaiLal, Chem., 1S92, 10, UK). * /6m/, 11)20, 94, 111 ; 1922, 101, 6.1, 
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iactftiic procfifidfl much faster m 99 per cent alcohol than in water, 
both in presence and absence of hydrochloric acid as catalyst They 
show also that water exerts a riiiich more marked retarding action on 
the catalytic process than is found in esterification processes (p 364) 
With iiureasing additions of water to the alcohol the velocity falls 
below that in jnire water, shows, therefore, a minimum such as is found 
in tfie decomjiosition of diazo esters in alcohol-water mixtures 

Taylor and Close have also studied the velocity of lactone formation 
in e,ther and in ether-water solutions, using hydroxymethyl benzoic 
acid ^ They found a negligible reaction velocity m dry ether which 
was tenth normal with respect to hydrogen chloride This result seems 
definitely to establish that undissociated molecules have no catalytic 
activity They found, however, that in ether saturated with water 
and also tenth normal with respect to hydiogen chloride tin' velocity 
of formation of the lactom', phthalide, was extremely rapid as compared 
with the velocity in acpieous hydrogen chloride or in acid solutions con- 
taining dissolved ether This result very definitely establishes the fac t 
that the reaction velocity is not directly jiroportional to the acid 
concentration or to the hydrogen-ion concentration, sinci' this latter is 
very much greater in water solution tlian in ethereal solutions, if 
measured by conductance of the solutions 

'[’he result obtained is, however, in ([ualitative agreement with tin* 
theory that it is the activity function of the catalyst which determines 
the reaction velocity For, from distribution o\[)erinients, it is known 
that hydrogen chloride distributes itself between ethei and water in 
such a way that more than 99 per cent of the acid is in the aipieous 
layer (fomparison should therefore be made of reaction velocities in 
tlie two solvents not at equal acid eoneentrations Init at concentrations 
111 the distribution ratio of the hydroehlonc acid in the twm solutions 
Dehydration ol fatty acids. - Attempts to eliminate w'ater from the 
alqihatic acids are, with the exception of formic acid, only achieved 
with simultaneous evolution of carbon dioxide and rupture of the 
molecule, the product being ketonie or aldehydic in nature 

Formic acid may be decomposed in several ways and in presence of 
certain catalysts with elimination of water. Thus the [lossibilities 
may be formulated by the ciiuatioris 

(1) II COOH — > If^O I CO, 

( 2 ) 21100011 - II OHO-t-rOj + HjO, 

(3) 3H COOII -> Cllj OH 1 COj + HjO, 

whilst dehydrogenation may simultaneously occur in effecting one or 
other dehydration process, according to the reaction 
HCOOH-^COaflL 

The primary process of dehydration to yield carbon monoxide and 
water is that normally occurrmg on treatment of formic acid with strong- 
* CloBC, DiMcrt*tion, Pnneoton, 1922 
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iehydratfaig agents such as sulphuric acid or anhydrous oxalic acid. 
The reversibility of this process has htng been known, and is U»e basis td . 
• modern technical practice for the synihesis of formic acid. Actually, 
use is made of a base such as soda, the product being, therefore, a 
formate. The equilibrium occurring in the {uocess is calculable, 

•’ according to the Nernst heat theorem, from the thermal constants of the 
reacting substances. 

Thus, for the gas reaction, according to Pollitzcr,^ the heat of 
' reaction : 

CO + II 2 O-H.COOH t‘J3(H)cals. 

can be obtained from the heats of combustion, and amounts to 
9300 cals, for gaseous formic acid. I'tilising tin; Nernst apjiroximation 
formula and values for the “ chemical constant " : 


= CVo-'-3-y, (’ircooii 3-r), 


there follows for the e<iuilibrium cciuatioii : 


, COxHoO 

‘‘'*^h7cooh=" 


93(X) 
4-571 T 


+ i-75 log 


T f 3-S, 


which gives the following values for K : 

r-300° 500" KKHfubs. 

A' = 20 3>l<d lOl 

According to this result, formic acid dci'oinposcs practically ipianti* 
tatively to carboiv monoxide and w-atcr when but slightly hcati'd. On 
the other hand, the equilibrium concentration of tlu' ai-id at the 
ordinary tcmjicrature should he dcmon.strahlc, especially if increasi^d by 
application of pressure to the system 

In the researches of Branch the c(|uihl)ria prevailing at 155 ' and 
218° with gas-liquid phases were actually det<*rmincd. It was shown 
that the decomposition was reversible ami that, mim-nil acids, (‘specially 
hydrochloric acid, act<Hl as catalysts 

The equilibrium constants given by tbe, measurement. s n'prcsmit 
that of the reaction : 

H.COOHim 1V),„ +00, 

the values of K being 89-9 and 310 at I5()° and 218°, when ilie CO con- 
centration was expressed in atmusj)hcrcs pressuni, that of the formic 
acid in mols. per litre, the water as the ratio of its concentration to that 
in pure water. 

It was shown that with I A' -hydrochloric acid as catalyst no 
appreciable side reactions occurred, tlu^ gas formed being juire carbon 
monoxide, 

Sabatier and Mailhe •*’ have shown that in the va])our phase various 

* Bew:J^nung chenmhfr Aff, Akren>i Sfimmluiuj, 1912, j>. 443. 

* J. Amr. Chem. Soc., 191 , 5 , 37 , 2316 , * rtnd., 1911 , 162 , 1212 . . 
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oM<l(t ciitiilysts act .sirniLirJj Thus oxjde of titamuju at 170'’-320‘’ 
gives carbon monoxido in a marked degree of jnirity, and this is true 
also of blue oxide of tungsten at 270° Alumina, silica, zirconia, and 
uranous oxide give mainly carbon monoxide, but a certain proportion 
of formaldehyde is simultaneously formed according to reaction (2) 
With uranous oxide, this latter reaction is almost as important as the 
simple dehydration process With tlioria the change commences at 
2r»() '-.W'’, with i>ro(luction of all the products of dehydration The 
proportions of each jirogressively alter with rise in temperature of 
decomposition At 250° the gaseous product contains 73 per cent ('(), 
ir> per cent CO;,, and 10 jier cent H,, together with a small quantity ol 
licjuid formaldehyde At 320" there is about 45 per cemt CO m the gas 
and considerable cpiantitu's of the condeiisatinn product of formaldehyde 
and meth\l alcohol This latter increas(‘s in percentage with increase 
m temjieratnre, due to the further decomposition of formalclehyde to 
carbon monoxule and hydrogen As a result of a study ot the decom- 
jKisition of the formates, Hofmann and Sdiibsted found ^ that the yield 
of forinaldidiyde w'as greatest from /me and stannous formates The 
corresponding oxides would be expeited to he most elfident in the 
catal)tic deconqmsitiun of formic acid to yield forniahhdivde 


Mixkd Dkiivdka'I'ion 

Homogeneous esterification. The (dinimation of the elements ol 
water fiom an alcidiol and an acid jointly gives rise to tlie foimalion of 
compounds known as esters, and the proi ess itself i,s termed esteiilK at ion 
Th(‘ reaction oi curling may be generalised in the case of moiudiaiic 
caiboxylu acids b) the e(piation 

R ('0011 a Ri OfUR ('OOR, + lLO, 

and, in a similar manner, nsietions between pohluisic carliowlie and 
other in ids may be generahsc'd 

The reaction occiiriing, as was shown in the classic al studies of 
Rerthelot and I’aen de 8t (lilies as early as lSfi2, is a beautiful example 
of the reveisible or balanced in tiori It is definable' as to the ecpnlibniini 
jiosition by means ol the Ouldberg-Waage law of mass action formulated 
in 1S67, and therefore subsequent to the actual experimentiil proof 
furnished by the studies on esterification The rc'searc lies of Rerthi'lot 
and St (idles demonstrated that with ecpiixalent initial concentrations 
of acetic acid and ethyl alcohol, for exam|ilc, then* was jireseiit at 
ecjuitibrium cme-third of the original concentrations of acid and alcohol, 
and two-thirds of ester and water According to the mass-action law', 
therefore, 

.._(\^(Lu,'..i,.,i_ 0-33x0 33 I 
^L,tJ\umr0-66x()(i6 '4* 


‘ IW, 1918,51, l3‘t.S 
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It was further demonstrated that with varviim proportions of 
alcohol this mass-action constant was maintained, and that, tlii'n'fore, 
in ])resence of excess of alcohol a high })ercentage of acid could he 
transformed to ester. 

It was pointed out in the preceding eha])ter that, the ri'verse action 
in this process, the hydrolysis of an ester, is catalytieally accelerated 
by tiie addition or presence of numerous substances, and chief among 
such accelerating agents were acids. .As is therefore to he expected, 
acids are also catalytic agents in the production of «‘sters and have bei'U 
consistently so used in preparative organic chemi.stry Sine*' acids 
bi'have as catalytic agents, it is obvious that the reaction between an 
ah'ohol and an acid is an auto-catalytic process, the acid undergoing 
e'^terificatiou la'ing itself a cataly.st of the reaction In gein'ral. how* 
ever, and espeidally in the esterification of weak acids, as, for example, 
acetic acid, addition of a strong acid catalytic agent i^j general hor* 
merly, tin' iirincipal acid catalyst was sulphuric ikmiI. and it is still 
occasionally made use of as a conveimmt agent, hreipieiilly. howevei, 
owing to its strong dehydrating and charring act ion, its use is impossible. 
In agreermmt with the observations made m the section on hvdrolvsis, 
the strong acid, hydrochloric acid, is. howewr, the ixHiu agent, and 
use of thi^s acid is^he basis of the modern metho.l of esti'nlicalion as 
worked out hv Kmil Fischer and Sp.-i.'r > The method emploved by 
them consists m heating the, acid I.* be csterilied with an excess of alcohol 
containing about 3 per cent of dry hvdiogmi chlornle dissolved in it as 
catalytic agmit After a jieriod of time, (lepend(Mil <»n several fadors 
to be more fullv discussed later, eipiilibniim is attained, and the ester 
mav be obtained ther.Trom in ^e\ eial ways Bv raising 1 he temperat iini 
to the boiling ].oint of the mixture, the velocity of reaction is greatly 
accelerated. An earlier method employed by v. M.>y.T and Sudborough *■ 
W'as oiierated at the ordinary temperature, c.unpensation for the relative 
slowne.ss of the reaction being etTcted by UMiig .satmated solutions of 
hydrogen chloride m the alcolnd , i -j 

^ The more, recent re.>earches of S.mdenms and \houlenc ' 

dmnonstrate, however, that sulphuiic acul can operate in a similar 
manner to hydrochloric acid It was shown that on disj illation of 
equimoleeular proportions of ac.-th- acid and .‘thyl alcohol 1 i-H ))er cent 
of the th.-oretical aimmia of ethyl acetate was formed. \\ ith I p.T emit 
of sulphuric acid by volume, jmw’ever, the yield is Htp.) p< r 
theory. The general aiiplicability of thi.s method was demonstrated 
in later papers.^ Anhydrous aluminium .sulphate and potassium 
hvdrogen sulphate W(‘re also .shown to be effective catalytic agents, 
82 iier cent yields being obtained. Anhydrous soilium suljihate was 
without action, however, showing that the activity is not entirely due 
to the dehydrating action. This latter was ernpha.sised by KurtenaekiT 


» Bn . 1811.5, 28, 32.>2. 

» Compt. mtd, nUl, 152, 1671. 


1 Ihtd . 1894, 27. .510 

* F((t example, Vompt, Tcr.d, 191.1, 156, 1620. 
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and Habnrrnann,^ who also studied various other salts, A German 
patent ^ condunes hotli dehydrating and catalytic activity in a proposal 
to jirodiice ester quantitatively from alcohol and acid by boding the 
components in presence of anhydrous calcium chloride and a mineral 
a( id 

Tiie velocity of esterification is siiflrciently slow for convenient 
study, the progres.s of reaction being readily determined by the diminisli- 
ing acid content of the system, duo to the production of ester As in 
the case of hydrolysis, therefore, the process of esterification has been 
the object of considerable study with a view to the elucidation of the 
theoreiiciil aspects of the catalytic process 

Tin* relationship between chemical constitution of acid and alcohol 
and the esterification process has occasioned considerable research 
The work of Menscluitkm ^ on the aiito-eatalylic e.sterification of fatty 
acids dcmonsti^ted that the velocity of esterification diminished with 
increasing complexity of the acid and of the alcohol, it was more 
rapid, howc'vcr, in the ease of primary alcohols than with secondary 
or tertiary alcohols Side chains, negative substituents, and unsatiir- 
at(‘d linkages m a [irimary alcohol also caused dimiiiut ion of esterification 
vcdoeify These latter conclusions wore supported by the subsequent 
determinations of Michael and Wohlgast'* on the esterification of 
trichloroacetic acid by various alcohols Kxcejitions to Menschutkm’s 
observations are, however, noted by Jnchty ■’ in the case of ehlonnated 
fatty acids, introduction of a tldonne grouping accelerating the vcdocity 
of esterification over that of the simple acid 

Parallel exjienments on constitutive influence in the ease of 
esterification m jiresence of hydrogen chloride as cMtalyst were first 
undertaken by v Meyer, alone and in conjunction with Siidborough « 
It was shown, for example, tliat diortho-suhstitiited lienzoic acids were 
very resistant to esterification, the degree of inhibition being governed 
to a certain degree, however, by the nature of the substituent Tims, 
the influeuee of hydroxyl and methyl substitution was not so marked 
as that of nitro-, halide, and carboxylic radicals Substitution in other 
than the orlho-position had comparatively little mliilntoi) effect on 
the Fischer-Spi'ier esterification method. The literature of tins type 
of investigation has been multiplied cnormouslv by the organic chemist 
with a view to the determination of constitutive intliience, more 
especially as to the operation of stenc hindrances ’ 

The researches of Goldschmidt and his pupils into the problem of 

‘ ./ pr Chfm, I'lll (II ), 83 rjll * I) ll P 23J818 

® ./ pr Vhrm . 1881 (ii ), 24, 49 . 1882 (ii ), 25. 193 Her . 1897 30, 2783 
* Ikr, 11K)9, 42, Sl.S? * Awr Chm J, 189, >, 17, 27 , 1890 18, 590 

« llfr , 1894, 27, 510, 1580, 3149 189.5, 28, 182, 1254 

' iSoo pspw'mllv Siiilboroiigh »nd Ins co workorn, J Chm .S'oe, 1898, 73, 81 , 1905, 87, 
1840, 1907,91,10.13, 1909 95.315, 975. Wegitchiidcr, Jfonal^A . 1895, 16 . 75 , 1897.18, 
418, 029 , 1809, 20, 685 , 1900, 31, 621. 038. 787 , 1902, 23. 317. 3.57, ,369, 393, 40.5, 1093 , 
100,1, 24. 413, 015 , 1905, 26, 1039 , 1906, 27, 487, 777 , 1007, 28, 819 , 1908, 29. 525, 531, 
635 541 557 1910 31 1253 
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esterification have been carried out with a somewhat different object, 
employing dilute alcoholic solutions of the acid to be esteitified and using 
hydrogen chloride and other acids as catalyst. In .such circumstances' 
the concentration of alcohol can be regarded as constant and the reaction 
velocity as interpretable by means of the unimoleciilar equation 



Operating in thi.<3 manner, it W’us shown tliat, as a rough a))proxi- 
mation, the reaction constant varied pro))ortionat(‘ly to tlie lmlrogen-io!\ 
concentration, and that the activity of different acid catalytic agents 
was in direct relation to the strength of the acid as deterinined )»y the 
iiydrogen-ion concentration from conduct ivity data in ah’oholic solution. 
Thus, in order of diminisliing catalytic activity, came hydrochloric, 
picric, trichloroacetic, trinit robenzoic, trichlorohiityric, and dii'hloro- 
acetic acids. Goldschmidt further showed that the ratio of the velocities 
of esterification of an organic acid with two (liiTenmt catalysing acids 
was constant and independent of the particular acid esterilied in a 
given alcoliolic solution. Thus, as the following table reveals, the ratio 
of the velocities and c.sterifieation, ii.sing hydroelilorie and picric acids, 
averaged ]3‘5 with acetic, projnonic, ii-butync, ami phenyl ae,eti(' aeid. 

Arid. Ii,..v;i(i.iici I I Uh. I 

Acetic . . . ] 2 17 !) 0 ll)2 

; Propionic . . . i I TiU 0-115 

j w-Bntync . . . ’ 0 704 0 0.')S2 

I Plicnvl acetic . 0-!)02 ()0(>r».'> 

With hydrochloric and sulphosalieylic acids as catalytic agents the 
ratio was similarly constant. 

Oiiservation of the retardation of rijaction vidocity due to the 
influence of small (jnantities of water prodiicinl during the proeess of 
esterification or added to the reaction ine<lium ‘ hid Gohlschniidt ^ to 
the hypothesis that the active catalytic agent of the esterification 
process was an alcoholate, 

of the hydrogen ion of the catalysing acid. This alcoholate was 
regarded as interacting with the acid to bq esterifiod, yielding the ester 
product. The retarding action of water was ascribed to reduction of 
the concentration of the active alcohol by hy<lrolysis to yield a non- 
active ion hydrate : 

(OjHs . OH . H) + cyts . OH A (H . ( )H . H). 

' i (lolcUchmi^dt, Bn., 1895, 28, 8218 ; with ibid., 1906, 39, 711 ; Kailan, MowOth., 

1907, 28. 115, 659 ti ; 1908, 29, 799. * Zttl«ch. FAfldrochem., 1906. 12. 4.82. 
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Thus if ^ = pqmlihrium ronmitration of the ion alcoholate, 
n -- the initial concentration of aildcfl water, 
r^the concentration of acid esterifi(‘d and therefore of water 
formed in the reaction, 

r-the equihhnumor hydrolytic constantof theabovehydrolysis, 
?/--^the equilibrium constant of ion liydratc, 

tlu're follow, accordinj; to the mass-action law, 

0(,i[j oii il-ifhia)- ' fV,ii^ oi[H'ito jt ir 
or ^(/M j-y) ---/!/ (1) 

III [iresiMice of (‘xce.ss of alcohol, whuh may Ihereforc be regarded 
as constanl a simjihfied treatment of the |»roblem may be obtained 
if assumption be made that y, the comentration of ion livdrale, may be 
neglei ted in comparison with {ii f <), the total (piaiitit) of water present 
In such cases Equation (I) becomes 

^(iit /)---) y or (2) 


the term / ineliidmg the ah olio! concent lation term, assiimeil constant 
If repn‘sent the lon-ah oholate coiicentiation in total absimce of 
water, it follow's that 

( 3 ) 

may b(‘ evjiressed, Iq apjilicalion of the mass action law to the 
eijiiation 

('jlL, 011 1 \\^:^{(\\\, 011 II), 

111 terms of c, the II ion (oiuentratioii in absolute ahohol, the concen- 
tration of alcohol 111 inols per litre (h), and ({) tin* eijUilibrmm (onstant 
of this reaction 

Thus ^ ^ U 


Snbstitutiiiy this value m (.5) we obtain the \alues of ^ or y in terms 
of these magnitudes, \i/ 


whence from Eipiation (2) 


^ -y, 

<f)k 1 


(D 


Now the velocity with which esterification occurs is proportional 
at any moment to the amount of unestenfiod acid and to the concen- 
tration of the catalyst, I That is, , 



#bere a is the original concentration of the acid undergoing esterification. 
Substituting the value for J obtained in (4), there results 

dt 4- j- + r 

'and this on integration gives the result 

k . c J .-n r \ a log . . . (5) 


By determining two values of x at times /, and we ain tln‘.r(d)y, 
with Equation (5), two equations from whiclj tlu* value of r may be 
calculated. In this way Coldscbmidt calculated a value for the 
hydrolytic constant r==0-15 at 25° for hydrocldoric and sulpliotyilieyhc 
, acids, the value varying hut little with a whole series of diilerent acids 
esterified in ethyl alcohol solution. At 0" the value of r beeoim^s O'Otlf). 

The falling constant, K, obtained by application of the ordinary 
unimoleeular equation and caused by the inhihitmg mlliienee of the 
water formed in the reaction, was to a marked <legree corrected for 
by use of Equation (5). Application of a still more exact, but also more 
complicated, formula obtained without negh'cting tlm concentration 
of the ion hydrate y, as compared with n l-/. gave evmi better eon* 
cordanco in the reaction constants. 

The problem of retardation by traces of water has also l)e,e,n the 
subject of investigation by Laiiwortli and liis eo-workers. Lapworth 
and Fitzgerald^ cmidiasised the point of vii'w that the water acted by 
reducing the concentration of tlie free hydrogen ions ])resent in the 
alcoholic solution by a simple prore.ss of hvfiration. (hntrary to the 
Goldschmidt point of view, the Iree liydrogen ion and not the alcoholati^ 
is a.ssumed active; the ion hydrate, as with Goldschmidt, is regarded 
as inactive. In a subsequent jiaper ^ Lapworth directivi attention 
to a number of reactions in which the anti - catalytic elfect of 
, water was marked, and proceeded to a mathematical development of 
the view put forward in the earlier jiaper. The addition of water to a 
dilute solution of hydrogen chloride in alcoind was regardetl as t lie- 
addition of a relatively strong bas(‘ to a solution of an acid in a weak 
base. On this assumption, and making allowance for the nunoval of 
'^the catalytically active hydrogen ions by both water and alcohol as 
ion hydrate and ion alcoholate, Lapwctrtii deduced for the- velocity of 
'• esterification the equation 

~du , 

2 

^here u is the active mass of the carboxylic acid, 

}}~A constant diqienden't on the nature of this acid, 

2 J. Clum. Hot., 1008, 93, Z187. 


‘ J. Chem. Soc., 1W8, 93, 2167, 
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CIl, 


M and refer to the active mass of water and equilibrium constant 
of the lon-ion Jiydrate equilibnuni, 

M' and K'.^ the oorrespondiiijy; mai'iiitudes for alcoliol, 

X 13 the rneaHured degree of dissociation, and A the total mass of 
the catalysing add 


I'liiH 18 111 accordance with the observations ol (Joldschmult and 
lldby and with the equation previously dediued (]) 309) 


(III 


l(a - ,i)^ - 


as will be evident from the following (ompan.son of symbols 


( 0 ) 

(L) 


4 

/'N'2 

M' 


I) I C (I - l )l ]■ 3 

M' A I H M 

A „ 


The interpretations of the two equations, however, are bv no means 
identical, for whereas (loldschmidt assumes that the ion alcoholate is 
the aitive catalytic agent in oider to di'rue his ('(]uatioii, Lapworth 
assumes that the velocity of esterification is at any time jiioportumal 
to the active masses of the carboxylic aciil, the alcohol, ami the free 
hydrogen 10 ns 

To test further the idea of the availability or salt-forming powi'r of 
an acid in various solvents on addition of a basi' relatuelv stronger than 
the solvent, preliminary tmtonietnc determiiialioiis were mad(' in 
alcoholic solutions of hvdrogen diloride and in ben/em‘ and laibon 
tetraehloriile solutions of triehloioad'lic add, using vaiioiis bases and 
atninoa/oben/eni‘ as inditator Concordant values were obtained for 
the relative basic alhnities m disreasing order of a series ol weak bases, 
the order being caibaimde, water, ether, ethyl alcohol, acetone, ethyl 
acetate, and methyl alcohol 

A later ])ubbeation’ dealt more particularly with the " avail- 
abilitv ’ of hydrogen chloride in alcoholic solution and the iiitluence 
of water thereon In this publication the availability of the add i,s 
defined as a function |)ro|)ortional to its capacity for forming complex 
hydrions with anv mono-aeid base, whiih, inathemalKallv expressed, 
becomes 



where P is the availability, ^ the concentration of complex urns, and B 
the concentration of free base, k tin' constant for the base usi'd By 
tmtometric and estenbcation experiments the availability of a very 
dilute solution of hydrogen chloride in moist alcoliol wa,s shown to be 
nearly an inverse linear function of the amount of water present for 
quantities of the latter not exceeding a concentration of 0-5 mol per. 

* ],«]no>rlli and IVtiiiglon, J VhnH Six , I'llO 97, III 
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litre. The availability in this range lould be ri'pn'sented by an 
expression 

e k 
r+ w' 

where c- concentration of hydrogen chloride, 

^■~a constant, 
tc ^^concentration of wattT, 

/■ -the water equivalent ol thealenhol present, constant, as was 
shown by ({oldschmidt and fhlby, fora given aleohol, but 
within experimental error the same by measiiremt'iits eitln'r 
of esterification or by determination of tlie salt foniu'd with 
a weak mmio-achl base. 

Inten'sting in regard to this latter eoncliiMon of bai)Worth and 
Partington is the conclusion reached by Ifredig, Millar, and liraiine 
that I (the water equivahmt or basic water value (d bapworth and Par- 
tington ; the hydrolytic constant of (loldschmidt) was numeneallv the 
same, in dia/.oacetic-ester decomposition in a(pieon'j ah'oholie solution, 
as in ('stentication imaisurements This identitv natural] v suggests a 
common cause in each ca.se, ainl. morci.ver, is of impoitance m a 
delusion of the ndative merits of the two jxunts of view. Pop. as was 
]Hunt('d out in the pri'ceding chapter in refereinu* to diazo I'ster deeoin 
position, the (loldschmidt assumption of iion-aetivitv of the ion hvdrate 
leav(‘s onlv the iiydrogen ion as tin* catalvtie agent for the decomposition 
of diazo ester in (///ucoi/.s* solution, and V(*t, in esteritieation, (ioldsehmidt’.s 
theory assumes both free ion and mu hydrate to hi* inactive, but the 
ion alcoholate, however, to be active. In bapw'orth's \iew\ the free 
ion IS the active agent, and is tletcrmined by the availability of the 
acid. Obviously, there.fore, bajiworth's iheorv is applicable without 
modification to all the various acid catalvtie processes here coiisidi'red, 
whihst fiold.schmidt’.H view requires adjustment to meet particular casi's, 

Lapworth and .lones ^ have ext<'nde(f the inv/'stigations to stiidie.s 
of the intluenci* of temperature on t he ba.''ic water value, /, of the theory, 
and also to measurement.s of vaj»our pressures of hvdrogen (hloiide in 
moist alcoholic solutions, in ordt*r to obtain further evnh'nee on the 
])oint of view" put forward. It was showui both bv tin* tmtom(*tric and 
by the esterification method that tin* value of r st(*adily increased with 
teiiijicrature from a valin* of bl) v It)"'* at ti to 1)7/ P) ^ at 'i.b'b in 
quantitative agreement with the results of (jIoldR(*lmiidt and rdby, 
who, however, empIoy(*d a difTerent concentration of catalyst, which 
aifect.s the absolute values obtaine<l very considerably. 

The determination of the, jiartial vapour pressure of hydrogen 
elilorhle in alcohol in presence and in ab.scnee of water vapour served to 
connect the behaviour of w"ater in the, reactions previously discussed 
with its influence on the more directly measurable properties of solution. 

’ J. Chtm. HUJ, 99, 917 d sa/. 



It was shown that the partial pressures of the hydrogen chloride are - 
reduced very considerably by the presence of small quantities of water, 
as IS evident from the graphical representation in Fig 18, the relative 
depression increasing, moreover, as the concentration of acid diminishes 
'I’he reduction caused by water on the electromotive force of the 
, hydrogen electrode in alcoliolic hydrogen chloride, investigated m the 
same laboratories,* has also been used as evidence of the point of view 
here set forth in explanation of the anti-catalytic effect of water in 
esterifitation processes 

The inllucnee of additions of neutral salts possessing an anion m 
common with that of the catalysing acid was next investigated by 



Fro 18 


(loldschmidt and led to further remarkabh' conclusions It was 
shown, for I'xnmple, that addition of chlorides was without mtlueiice 
on the velocity of esterification, using liydrochlorR acid as catal}st2 
With weaker acids, addition of neutral salts repressed tlii' velocity of 
esterification The retardation was, however, by no means proportional 
to the hydrogcn-ion concentration, as calculated b\ appination of tlie 
mass-action law to the electrolytic dissociation of the acid in presence 
of a salt having a common ion Instead, it was shown that addition 
of excess of salt repressed the velocity of reaction to a definite lower 
limit and no further Goldschmidt associated these okservations with 
the conclusion that the iindissociated molecules of catalyst are also 
active, and calculated out his experimental results m accordance with 


* Sc« HardmBU will lApworth, J. Vhrm Sue.. 1912, 101, 2249 
’ GoWsclmndt, Zettsek EUktrockm , 1909, 15, 4 
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'“'this view.' The relation between the catalytic activity of tht', undis- 
Bociated molecule and the strength of the acid was pointed out by 
'Suethlage,^ who showed from Goldschmidt's figures that the stronger 
"the acid the greater the catalytic activity of the undissociat('d niolernle, 
pointing out further that tlie ratio of activity of undissociated aciil 
catalyst to that of hydrogen ion should be independent of the acid 
esterified. Goldschmidt and Thuessen demurrctl to this vii‘w as a 
result of investigations with methyl aleohol as solvent.^ A recalculat ion 
of the results by Snethlagc,^ however, justifies the original assumptions. 
It is there also pointed out that the constancy of the reaction velocity 
with hydrocldoric acid as catalyst in presence of chlorhh's is to he 
exj)Iained by the hypothesis that in alcoliolic solution the aidivity of tlie 
undissociated hydrochloric acid is c<iual to that of the hydrogen ion, 
a view in agreement with the observation that the ndative activity of 
undissociated acid to hydrogen ion increases with inereasing strength 
of acid. The problem of the catalyst in esterification processes must, 
however, be considered along witli tlie conclusions from other liiu-s of 
work. Tliere, the tendency is away from the assumption of an a{!tivity 
of the undissociated molecule and towards a kinetic or tluiniiodynamii’ 
treatment of the hydrogen ion as tlie catalytic agent. 

The complexity of the esterification proee.ss is manifi'st from tlu’se 
researches. It is evident that the operation of a numlxT of eijuilibria 
are. determining factors in the velocity with which esterification occurs. 
These include the actual electrolytic dissociations of the catalyst and 
esti'rified acid, the equilibria between the ions, the undissoi'iatcd mole- 
cules, and the alcohol solvent, as well as the disturbing e.quililiria 
brought about by the intervention in the naietion of the water produced 
in the esterification process. In addition, also, the jiossibility of ter- 
molecular complexes in the case of the non-aiito*catalyti('. reactions 
cannot bo excluded. The direct or auto-catalytu; esterification process 
has been regarded by most workers as differing in detail from the 
catalytic process, and it may be in the pos.sihilities and stability of 
complex formations, as much as in the factors of acid strength, that the 
'differences lie. A deeper study of this su})j(‘Ct from .such a point of view 
would doubtless show that the «lilTerenee.s observed are reconcilable to 
the general underlying principles which have been put forward. 

Esterification in the gaseous phase. -Esterification in the gaseous 
phase in presence of oxides as catalysts has been studied by Sabatier 
and Mailhe,® When an alcohol and an acid are simjdy passed through a 
heated tube little or no reaction occurs in the sense of the equation 


R.COOH + Ri.OH-R.GOOKj-fHaO. . . ( 1 ) 

R a charge of certain oxides, as, for example, TiOg, he placed in the tube, 


1 ZtUseh. EUkrochem., 1911, IT. 084. * , m l. 18, MO. 

» ZcUsch. phjf»dal. Chan., 1913, 81. 30. * Ibvi.. 1913. S5, m. 

* Compt. rend., 1910, 150, 823 ; 1911, 182, 3.58, 491, 1044. 
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rt'iK (ion with |>rodiiction of liioli (onccntrations of ostiT will result 
III II tem|)(‘riitiin‘ of 

It liiis hecii kIiowii m a |)ie( cdino si'ction (|) dotj) that ovules are 
effeitive lalalytu ajreiith in jiromotinj' the dehydration of alcohols 
with hydioearlion formal ion, aerordin;' to tlu‘ equation 

C„H„, (III -->C„1C„ , ‘ 11,0 (2) 

It will latei he shown that tin .same agents are also ac ti\e in promotinp; 

I he dec om|)oHition of acids with elimination of water and carhon dioxide 
to foim ketones, as (rcmeraltscd liy the ecjuatioii 

2 R coon -- vCO,t n.,0 i R COJI (3) 

It will therefore he ohvioiis that in order to promote etherification 
aecordmo to Kcpiatioii (!) due rejcard must lie paid in the' choice of 
catalyst to the possihilitv of oceiineriie of the reactions (i) and (.3) 

Thus, it miold h(‘ anticipated that thoria, which is a \c‘i\ c’HicieMt 
aecmt 111 the dehydration of alcmhols and also in the clecoiiiposilion ol 
fattv aeids to ketones, woulcl not he tin* most siiii,il)|c a^emt foi pro- 
inotiiij' (‘sterifieatioii in the e.i.seons phase On the contrarv, with 
aromatic ac ids, where (hc‘ tcmdeiiev loi n'uc I ion (3) to oc c nr is nine h less, 
thoria rnav he used ec-rv eflectivc'K as <in c"iteiili( atioii accent and was 
HO utilisc'crhv Sahatic'r and Mailhc' in (he smiIImms cd mimeroiis c'sleis 
of hcm/anc- and tolnie ac ids, e c/ 

('jij cooii K'jir, on ^(, II, r, ('()() (',11 . 1 non 

The c'lise with whic h this reac tioii proceeds points to I h< fact, which 
is coiilirmed hv lhi‘ snliscMjiieiit c'V.unples, that dcdicdr.ition Irorii all 
acid and an alcohol joiiitl} oecnis mm h moic' rc-a'lil\ than dc'licdiation 
of an ah cihol alone 

Kor the SMithesis of fattv ac id i‘sters, tlie c lioice of ntaiiia as eatahst 
wa.s jn.stihed hv (In' results It will he ohservc'd from its position in the 
iuhleeitc'd in the section on dehvdialion of alcohols (p o.’iTl ihattitania 
IS mm h h‘ss active as a dcdivdralin^ auimt than thoria, and this is liko- 
W’l.se true for its action on fattv acids \( 2,'<(i -3(Hl , howevc'r its 
dc'liv drat nip' action on alcohol and fattv acul jointlv is verv etlective, 
and thus can lie n.sc'd for tin' s\nthesis of the' most v<iiic'd fattv acid 
esters ■ 

The preferc’iice of esteriiieatloii over clcdivdration in jireseiice of 
snitahlo oxide eatalvsts is also indic'ated hy the fact that pood vii'lds 
of ester can he ohtained even with sc'eondarv alcohols Thus, at a 
teiiipc'rature of 3(l()'’, isopropvl alcoliol mav he- e^teritied without the 
.simnltaiieoiis prodnetion of propylene, whereas with the alcohol alone, 
rapid delivdration sets in with production of the hvdrocarhon at a 
teinperalnre of 2()0'’ 

With isobutvl alcohol, decomposition into butylene sc'ts in at 255'’, 
even in presence of the acid, but cstenficatiou occurs below this tem- 
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peratun* in presence of titania. Tertiary Initvl alcoliol and isobiityric 
acid e4erify slightly at 235“ without hydrocarbon formation. 

Mailhe and de (lodon ^ claim that zirconia is as good an (‘.><terilicat ion 
agent as titania. Mdligan, Chappell, and Reid - have studied the 
esterification jiruccss extensively and conclude that silica gel is a better 
esterification catalyst than either. Tlnw do not find that bervlha ks a 
catalyst, contrary to the views of Hauser and Ivlotz.^ 'Fhe rcsi'arches of 
Adkins and his co-workers'* set the matter id the suitability or other- 
wise of a catalyst, in a somewhat dilTerent light. They conebuh' that 
it IS much more the form of the cataly.st inatiTial ratln'r than the, 
})articular dehydration oxide catalyst which governs the suitability 
for the dehydration process. They iind. for example, that aluminas 
prepared from different starting materials, such as precipitated alumina, 
alumimum-niercury couples, aluminium alkoxides, show very variable 
bidiaviour in estcritication activity. The same also is found to bi' true 
for titania cdtalysts from dilferent .source's or ditferent methods of 
jireparation. They ascribe this varying behaviour to a \arvmg spatial 
relationship of the aidive centres of the cataly.st .surface due to varying 
distaiKH's of such centres a point ol view ih'Vi'loped by Langmuir^ to 
account for activation of cataly.st materials It would bi' advaiitagi'ous 
if some definite proof of such a spatial arrangement of active centres 
could be brought forward. As yet the assumption is, in n'ality, an 
ml Im' hypothesis, accounting for known experinn'iital facts. It, may 
lie that only a certain fraction of the oxide surface is in reality catalytic- 
ally active and that this is not the plane surface, but the, inoleciih'S 
which are detached from the normal irv.stal lattice, in a state of un- 
saniration. This latter })oint of view is that siiggi'sted by data on the 
jKjisoning of cataly.sts, adsorption by catalysts, and the data of promoter 
action in other types of catalytic process. 

Sabati(‘r and Mailhe*^ found that at 2H(T-.3()0' the limit of estentica- 
tion with e(|Uimolar quantities of acid and alcohol wa.s from (ib-72 per 
cent, soiiii'what higher than the e(|uilibrium found by Rerl helot and 
Paen ile 8t. (lilies in liquid systems Milligan, dhajijiell, and Reid, on 
the other hand, found much more complete converhioii m the gaseous 
phase, using silica gel as catalyst. Edgar and Schuyler’ showed that 
the equilibrium is much more nearly com|)lete conversion in t]ie vap«mr 
phase than in the liquid condition, as determined by di.stilhiige(|uiilbrium 
mixtures. This is in accord with Milligan, (’happcll, and Reid, ft is, 
however, as ha.s already been jioinliMl out, in di.sagrcement wdth the, 
observations of Sabatier and Mailin' that the, reverse process of hydrolysis 
occurs to the extent of 30 jier cent in equimolar mi.xtures of e.ster and 
water. Further experimental work is here neei'ssary. 

‘ Bull Boc Chm.. Ul-U. 29, KU. ^ J. Pbjxicnl Chnu , 29, H7:'. 

» Chtm. Zrtl, 1913, 37, 140. 

* J. Amfr. ('hm. Hoc., 1922, 44, 39-5, 217.'» , 1923. 45. mi . 1924, 46, 130 , 192.'j. 47, 807, 

* TmiM. Fanul. Hoc,, 1922, 17, 607, * Loc, ciL 

’’ J. Amer ('htn. Hoc., 1924, 46, 64. 
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Dehydration of alcohols and ammonia yielding amines —Alcohol 
vapours and ammonia when led over oxide catalysts undergo dehydra- 
tion, the elements of water being removed from the two reactants }^iintly, 
according to the ei^uation 

CJl2„ iiOH + NHg^HjO f C„H2„ nOH 

Investigations of Sabatier and Madlic ^ have shown that this process 
IS generally applicable in the synthesis of amines It is produced readily 
in presence of thona at temperatures of 300°-350° without production of 
('thylcnic hydrocarbon With the other oxides cited in the earlier 
table as possessing mixed dehydrating and dehydrogenation properties, 
the [iroduction ol amines is e(|ually possible without accompamiuent 
of ethylemc hydrocarbon or hydrogen as side products Tlu' formation 
of amine completely predominates 

By substitution ol a ])rimary amine for ammonia in the entering 
va[)our8, the product obtained is a secondary amine 

R.OII + K, NH2-R1N.IIR tll^O 

This forms a general method for the preparation not only of symmetrical 
secondary amines - which result 111 small quantity as a secondary 
reaction in the dehydration of ammonia and alcohol but also of mixed 
secondary amines''^ Thus, from ethyl alcohol and isoamylaminc, 
secondary ethyl isoamylamine is readily olitained Similarly, also, 
alk)l derivatives of pijteridme may bi' obtained ^ 

With phenol reaction is verv small,'* even at 4(K)'’ W ith ^-najihthol, 
however, reaction with ammonia occurs m contact with alumina in the 
temperature interval 30()°-r)5()“ C , with the production of jS-naplithyl- 
amine ^ 

Dehydration of alcohols and hydrogen-sulphide yieldmg thiols By a 

])roeedure analogous to that just detailed for the synthesis of amines, 
it IS jiossible to etlect the synthesis of thiols The dehydration of 
alcohols admixed with sulphuretted hydrogen bv means of oxide 
catalysts at temi»eratiir(!s in the interval of 3(X)"-38()'^ forms a general 
method of pieparation of thiols from the corresponding alcohol 

on fll,,S SH + ILO 

The reaction may be aecom]>anied by further dehydration of thiol and 
alcohol to produce the corresponding snljibidc, according to the equation 

c„n« m f 0 . OH (CniimiiS + h^o « 

Of the oxide catalysts «em[)Ioycd, thona has proved the best, the 
yields of thiol with the simpler primary aliiihatic alcohols exceeding 
lb per cent The side reaction producing ethylemc hydrocarbon is 

‘ Cmnpt Ttnd , 1910. IM, SS-I * Sal)at)i>r ami Miilhe, ( omj>t rend , 1909. 148, 900 

* (iaudion, iiitU Hioc Chttn , 1911 nv ). 9, 417 * iNibalwr Rcid, p 284 

* Loviy and Howald. U S P 144942,1 

‘ fiahatiiT and Mailho, Cmpt rend , 1010, liO, 1220 
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small in such cases, but with secondary alcohols it is considerable, and 
the yields seldom exceed 30 ])er cent. 

The yield of thiol per 100 parts of isoamyl aleoliol de('om})osed 
decreases with the oxide catalyst employed to the extent sliown in the 
following table : 


ThOa . 70 I WjO, 22 

ZrOa 44 , ('r,Oj IS 

UOj . . SO ' Mo,()j 17 

.. i Alai), 10 


With the catalytic agents of small cHieiency tin* product is niiiinly 
amylene. 

Phenols at a somewhat higher temperature rangi* of 130’ ISO ' yield 
the corresponding aromatic thiols : 

Cells. OH + H2S-(yf3.SH + lU), 

but only in small quantities, the yields never exceeding 10 per cent ^ 
Dehydration of aldehydes and ketones, ('ondensution of sevi'ral 
molecules of aldehydes or ketones, with simultjineous eliminatioti of 
water, is promoted by various <lehydrating agents common in organic 
technique such as sodium or potassium hydroxide, sodium acidate, dry 
hydrogen chloride, zinc or aluminium chlorid('-s. 

In the case of aldehydes, the product, is in general a higher iinsatiir- 
ated aldehyde, as, for examjdc, in the case of acetjildehydc, which is 
slowly transformed by boiling with acjueous sodium aci'tatc or zinc 
chloride into crotonic ahleliyde, according to the rc.action (sec also 

p. 359) 

CHg . CHO + CHg . CHO - CHg . Cl I ; CH . CllO + ILO. 

The analogous reaction with acetone is provid<*d by reagents such 
as aluminium chloride, sodium, or lime, yielding, even in the ordinary 
temperature with long contact, mesityl oxide in tin; first phni;, ami then 
phoroiie : 

2CII3 . CO . CH3 (CHala : C : ('H . CO . CH^ I- HjO -> 
(CH3)2:C:CH.C0.CH:C(CH3)2. 

Condensation with elimination of water between mixed aldehydes and 
ketones is similarly possible, especially with aromatic aldehydes. Thus : 


(1) CeHc.CHO + CHg.CO.CIIj • 

- -> CeHg . CH : CH . CO . CH 3 + H,0, 

(2) 2C6H5.CH0 + CH,.C0.CH3 

— > (Cyis . CH : CHlgCO + 211*0. 

The variations of this reaction are manifold, and the agencies 
, employed have likewise been multiplied in organic synthesis—generalisa' 


^ Sftbatier and Mailhc, Cmpt. rend., 1910, 160, 1570. 
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tion or systoinatisatKjn of the change is itnpossiblc, since they have been 
little studied from the theoretical point of view -doubtless due ni a 
degn'c to the slowness of the reaction velocity 

Dehydration o! alcohol -aldehyde mixtures yielding acetals. Dry 

hydrogmi chloride is the noinial catalytic agent ^ for simiiltaiK'ous 
dehydration of mixtures of alcohol and aldehyde, the product of reaction 
bi'ing till' acetals The aldehydi' is added to a I jier cent solution of 
hydrogen chloride in the alcohol and reaction is allowetl to take [liaie 
in the cold 

H CII Of 2 R' OH R ( 11 ( 011 '),, 1 H/) 

If heat be ('m|)loyed to accelerate the reaction, the yields diminish 
owing to the hydiolytic liilluence on the product of the catalyst 
employed The same catalytic agent promotes I, he action of aldehych‘.s 
and alcohols tc) form acetals with thc' simultaneous enqilo} incut of 
ethyl orthoformate ') 

Simultaneous dehydration and elimination o! carbon dioxide from/ 
acids, yieldmg ketones. With the aid of o\idc‘ catalvsts, the fatty <ic ids 
higher than toimic and }ield, on heating, svmnietrical ketones vvitlij 
simultaneous elimination of water and carbon dioxich' 


2K ('0011 -> [{ CO U I CO, I 11,0 

As Is ivell known, diy distillation of (In' eah nun or barium salts of the * 
fatty acids yndds the i orres[)on(liiig ketone The tiansforniution of ' 
this piocess to a catalytic re.ution was suggested b\ Scjiiibb- who 
pro|iosed to p.iss the \apour ol accdie acid over b.mmi' '.iiboiiate 
heated to .bIKC As eailv as l'.H)2 tins procc'ss, accoiding to Comov * 
was said to be applied industrially, vieids ot more than 'HI pei cent 
being possible In thc' later of the two papers cited Scpiibb lec'ords 
lhc‘ di'coni position to IH) pel cemt acetono of ITtK) lbs of absolute acetic 
acid 111 a Luge rotator\ still 12 fc'c't long b\ 2 feel diametcu during a 
pcTiod of 12(i hours 'I'liis would coriespcmd with a conversioii of 
d'l mroxiniati'ly one-third ot a pound of acetic acid pc‘r cubic foot of 
'\ijt space pin lioiii Prc'c ipitatcsl carbonate constitntc‘s an etiicient 
Hlid\st, , rapid at tfHC The activity of the catalvst is of 

ong duratiN^,_ ( arbonisation, and naturally at such 

c ni|)i ratlins i pr(>sence cd such a partial pn-ssure of carbon dioxide' 
xis(senti..'lyin\^,„,f,^^„^ ot c-arbonale 

patii w am Sc i S ,>\t,>iid('d the list of catalvsts 

0 /anc oxide and eai cadmium oxide, and chromium oxide, 

vliihl So„>W..n.O sl,„w,v J 

" "1 a." V-C(«e Tl,,. , an- lu»l,. an.l ll„- a,-tn ,t v 

3 c'oiistant , in the c'ase of ti 


'lOtC The V ic'lds are high, and the activ ity 
'■xboria revivitication of the catalvst can be 


' K Kisdiir .mil CinH'lK' /iVr, l,S‘>7. 30,y 
J J Amir ( him .SVir , ISU'. 17. 187. 

* ; .V Chan Ind. IW.' 21, 309 
‘ Mimatrt Ac da Sc Tuidnit^c, 11K)7 


"'yw 

\ 


18, 231 

* J ltu» Phijs Chtm 6«c 1904, 38, 7l)4 

* Hull .Sue Chm , 1908 (iv ), 3, 824 
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effectually carried out hy siiuj^lc ii;nition. Adkins and Nissen ' have 
shown tliat the rate of reaction is not sensitive to tlie imUhods of pre* 
paration of the alumina catalyst, a feature already tiiscussed m the 
case of dehydration of amides. 

Ferrous oxide is a suitable catalytic aeent for the |)roduction of 
ketoiu's from the higher fatty acids. Thus, with stearic acid, an 
80 ])er cent yiehl of sti^arone may be obtained. 

Modern plants for tin' manufacture of s\nthetic ac(*1one employ 
such catalytic auents, with economies in the operating tenijicratures 
and in the yield of jiroduct. Thus, it is possible, bv nii'aiis of a three- 
stafie process, each sta^e catalytic in nature, to proc<'ed from ah-ohol to 
acetone. The conversion of alcohol to aldehvde is a typical dehy<lro 
genation process, as earlier out lim'd Oxidation of aldehvde yu'lds 
acetic acici, and dehydration of this witli ('limination of i'arboii dioxide 
results in acetone The possibilitu's ('l.s(>wln're outlined for production 
of alcohol on tin' technical scab' bv catalytic processes, taken m con- 
junction with the pre.si'iit apiilicalion, illustrate m a marked manner 
the penetration of tin' catalytic reaction into modern industry, 

* ./. Aniit I 'him. Xi/f , lajl. 46 Kilt. 



CHAPTER XIII 

rOLLOIllAL CATALYSTS 

We have hail oecasioti to note that in the preparation of active catalysts 
the leactants were fro(|ueiitly converted into tin' colloidal form before 
drying at loW temperatures, m order to ensure a large specific and active 
surface Again, the eniployinent of catalysts in the form of finely 
divided materials precipitated on catalyst supports, eg platinum black 
on magnesium sulphate or platinum sheet, is now quite general In 
addition to these two forms, m winch catalysts have been employed 
as agglomerated colloids, we find tliat for certain purposes colloidal 
suspensions and emulsions of catalytic substances jiresent great 
advantages 

As representative of these types we may consider both the ^ olloidal 
metals- -especially platinum, iialladium, and nickel - and the enxynies 
These two possess certain charaetcnstios in common, and for which 
reason the term inorganic ferments has been applied by Bredig ^ to 
colloidal metal sols 

Colloidal Metals 

Ritter and II Davy first made use of cathodic dispersion methods 
for the preparation of metallic sols, which method has now been 
supplanted by those of Bredig and Hvediicrg '■ 

For the preparation of pure hydrosols the electrical methods oiler 
certain advantages over chemical processes, such as reduction with 
phosphorus (Faraday), formaldehyde (Zsigmondy), hydrazine (Giitlncr), 
acrolein (Castoro), or iirotalbmic and lysalbimc acids (Paal), in that 
impurities which may act as protective colloids or as precipitating 
electrolytes are entirely ebminateil Reduction witli hydrogen^ or 
carbon monoxide ® produces purer sols than the previously mentioned 
chemical reduction processes, but are not so good as the methods of 
electrical dispersion. 

The following diagrams illustrate Brcdig’s and Svedberg’s methods 
for the preparation of hydrosols and organosols of the metals 

* Methodtn tur Umldlnng K(Alotdfr Lomtujtn, Drvsdcii, 190® 

* Koblgchutler, Eldtrockfm, 1908, 14 , 49 
3 Donau, MomUinch , 1905, », 525 . 1900, 87, 71. 
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" In Bredig’s method of preparation, an electric arc {4-10 amperes at 
50-220 volts) is struck between two thin wires of the metal under the 
jliquid. The wires should not exceed 2 mm. in diameter and the 
optimum arc gap is usually only 1 or 2 mm. in lengtli. 

Silver, gold, platinum, and iridium sols can easily he prepared by 
this method. The addition of a trace of alkali yields a better sol, but, 
for many purposes, electrolytes must be (mtirely eliminated. The 
process is in reality one of cathodic disjieia^ion, since tlie anode fre- 
quently gains somewhat in weight during .sol formation. For metals 
which are somewhat easily oxidisable, sueli as huid, cadmium, and 
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copper, the water must not contain any oxygen, and the sol slionld he 
prepared in a hydrogen or nitrogen atmo.sphere 

Metals such as zinc or iron yield hydroxides when attemjits to pre- 
pare hydrosols are made. Organosols in methyl, ethyl, and esjX'cially 
isobutyl alcohols, ethyl malonate, ether, chloroform, or hydrorarbons, 
* when prepared by Bredig’s method, are usually very imjnire, containing 
large quantities of carbon produced by decomposition of the dispersion 
medium. 

. Svedberg introduced a method which yiehh-d much jnirer organosols 
" than could be produced by the direct arc process, utilising a high-tension 
;; oscillating spark discharge for the disprsion of his electrodes (0-inclj 
spark coil). By the introduction of a high-capacity inductance into the 
’circuit and keeping both the self-inductance and resistance of the 
V,«circuit as low as possible, both hydrosols and organosols of high purity 
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f’oiild b<‘ obtained The rnctal for dinpersion forms both electrodes, ani 
small pieies of the same metal mav be {ilaced at the bottom of thr 
eontaijimg vi'ssel, smce, owing to the high voltage of the applied ( iirrent 
sparks may be formed over several iiiehes of the vessel betweei 
neighbmiring pieces of metal 

Leas than 2 pi'r cent of carbon is usually iiitrodiiecd when at 
organosol, eq isobutyl alcohol sol, is pre[)ared m this manner H\ 
slight modduation of Svedberg’s midliod even non-metals of ])ooi 
condiictuity may bi' dispersed Sveilberg has prepared organosols ot 
such elements as sulphur, j)hos[)horiis, carbon, and silicon, as well as ol 
citlain minerals, such as (o|)])er sulphide A high degree of dispersity 
has readily been attained 

The hydrosols thus prepared are usually negatively chaigi'd, although 
certain metals, espedully iron and bismuth, are positi\e, owing, 
doubtless, to the piesciice of hydioxides, wlmh in the sid form art 
usually positive 

The ddleremes of ])oteiiti,d betweim sol and dispersion medium are 
small Thus Burton * gives the following figures 
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The avi'rage electric charge on a partide of silver Mil is, adording'to 
the same investigator, about 2 8 ^ 10 “ elei tiostatu units, ui for one 
gram-eijuivaleiit ol silver in the dispersed state the i liarge is onlv 1 
[ler cent of the charge on a gr,ini-e<piivalent Both i liarge and sign 
nafurallv vary when electrolytes are added to the dispersion medium, 
and, as in other (olloid.il systems, the usual |ihenomcna of precipitation 
and adsorption aie noticed 

In preceding ]iag(‘s we have already noted the appluMtion of tolloidal 
mclals to catalytii opeiatioiis, but the sttikiiig rcsemblatiK's of the 
colloidal metallic sols to organo-en/ynies aie most convinniigly demon- 
strated h> then behaviour m the catalytic dei omposition of hydrogen 
peroxide, which subject has been luinutelv iiivcstigiteil by Biedig and 
his co-workers 

Very small concentrations of the metal sol are able tii mlluenee 
('atalytieally the rate of decomposition of hydrogen peroxide solutions, 
Thus, Bredig obtained the following values for a miiiimum observable 
catalytic intluence 
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Some colloulal metallic oxules were also observt'il to have a feeble 
catalytic influence. 

A liigh (lispersity in the sol is naturally a desiral^lo f(‘ature for 
enhanced activity, as, under these coinlitions, the ina.vimum surface 
per unit mass of substance is obtaim'd, and, at the same time, both the 
increase in the ditTusivity and in the Brownian movemeiii permit of a 
greater frequency of contact. 

This increase of Brownian movement with increase in dis}H'rsity 
is w»'ll e.xemplified in the following figun’s obtained bv Zsigmondy for 
gold sols : 
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flow far ultimati' subdivision from o/t/t. the lower limit of the, 
nltramicroscojie, to molecular dimensions increases the catalytii* 
ai'tivity is uncertain, since no im'tliod of size imnisiircmcnt for lhe.se 
ainicrons has yet bi'en proposed. (,)ualilatively, however, if- lias been 
shown that the catalytic actiMty of a deiinite quantity of colloidal gold 
in the decomjiosition of hydrogen pennxide first rises and then falls us 
the ('xtmit of subdivision is increased. 

The catalytic action of colloidal platinum. Tin* reaction kinetics 
of t he decompo.^ition of hydrogen jieroxide by jilatinuiii. both in the 
colloidal and m shei't form, has bei'ii the siibji'ct of nunu'roiis investi- 
gations. Bnalig^ and his co-woikers showed that over a fair range of 
concentration the reaction jirocecded according to a iinimolecular law 
This type of reaction is to lie anlicipati'd on the dilfiisioii layer hypothesis 
of Nernst. Noyes, Whit nc\ , and Brunner,*^ whenM In* reaction velocity at 
a surface which i> governed in spi'cd bv tin* ratio of diil'usioii of the 
reactant to that surface, through an adhering lilni, is given liy 
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where I) \'^ the diffusion coellicient, .1 the area, h the jilni thickness, 
and V the volume of solution. 

Tin* serious objections to this view arise from the but that the 
tenqierature coellicient is found to la* relatively large, (‘ocu 1*7 for 10’ 
rise. Again, tlie vigorous evolution of o.xygeii gas, as well as the rapid 
Brownian agitation, would be ex|)ected to modify very considerably 
the conditions pfwtulated by Nernst for the establishment of tlie 
(litTii.sion layer. 

The problem arises in a lU'W form from a consideration of the work 


> Zri/Wi rhnn, 18y<. 31, 2r.8 , tM , IlXIl, 37. I , MhU. 37, aj.'l lirr , 1904, 
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^ Zftlvh ‘phyKikal. t'hrm , 1897 , 23, 689 . IhvJ , llHi9, 47, ; ! 9 o(i, 33 , 282, 



of Tc'Ietow,^ who noted that the rate of decomposition at the surface 
of a rotating platinised platinum surface followed the unimolccular law, 
the velocity constant being dependent on the rotation speed, in 
accordance with the following equation : 

K 

The temperature coefficient was found to bo 1*28 These experiments 
have been extended by Smith and Rideal, who find that the reaction 
velocity rises to a well-defined maximum with the rotation speed and 
that the temperature coefficient for the maximum velocity above 
25'’ (J IS 1 28, but IS smaller below this temperature. It is clear that 
the (liifusivc hypothesis alone is by no means adequate to explain these 
limiting velocities 

If large quantities of platinum sol be employed, the reaction velocity 
is apparently somewhat greater than iinimolecular, for the “ constant ” 
riHe.s (luring the reaction Denham'^ and Macinnes® suggested that 
diffusion was not the limiting factor, but that hydrogen peroxide was 
adsorbed by the platinum and that the reaction velocity was pro- 
portional to the adsorbed quantity The quantity adsorbed is related 
to the bulk concentration by the Freundlich isotherm equation, and 
thus we obtain 
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The agreement obtained in certain cas('s is oxcidleiit, as is evident from 
the following fignri^s 
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A similar expression was found to obtain by Blackadder* for tht 
di'coinposition of dilute formic acid at the surface of rhodium, and by 
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Sie,verts and IVtcrs* for thiMlmnnposition of sodium hypophosphito 
a surface of palladium sjiongo Ii, is clear t hat in strong solutions the 
Surface of the colloidal platinum a\i 11 he covered, at least in respect 
to its active area, with a uminoleeular layer of hyilrogen peroxide, and 
the reaction velocity will thus he of zero ord(T over a wide range, from 
the critical value, w' here almost complete saturation is attained to very 
strong solutions. Some of Hredig's data, espeeially in alkalin<> solution, 
conform to tlii.s law. 

On this assumption the marked divergence in temperatun' eo- 
efficionts hetween colloidal platinum and rotating platinised .sheet is 
not easy to understand. It is not neee.ssarily eonelnsive that the low 
temperature coeflicient of ]*‘JS for massive rotating jdatimim i.s in- 
dicaliv(> of a ditlnsive meehaiiisin It. is indtrd more prohahle that the 
large tem])eratur(' eoenieient of 1*7 lor colloidal ]>latinimi is iietitions.^ 
It is found, for eXHm]»le, that the reaction v»*loeifv is markedly alTecti'd 
by the addition (d alkali. Two (piite distinct ctleets mav he notisl. 
If small adtlitions of alkali he made (0-1 millinml per litn*). the activity 
is found to rise to a maxiinnm and then sink, the reaction veloeit}' 
still b('ing ummoleeiilar, as is clear Inmi the following table ■ 
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On further addition of alkali the reaction \eloeity eonmienees to rise 
again, but the reaction is now of zero order. An optimum is notisl at 
O'Oda. It is prohahle that tin- small additions of alkali in increasing 
the reaction velocity are due to a pejiti.sing or ili.sintegrating actifni on 
the colloidal metal. A similar jx'ptisiiig action has been, in fact, 
observed for several siihstanees. such as ehareoal and other metiilH, 
whilst sheet {datinum is readily rendered eatalytieally active by 
treating wntli relatively concentrated eaustie alkalis. The maximum 
of disintegration is obtained at aliout ()-]2r) millimol per litre, subse- 
quent reeoagulatioii oeeurring with a diminution in activity. Inereaso 
in temjierature may well increase disfMT.sion, re.snlting in the anomalous 
high value for the temperature coeflicient of the reaction. In strongly 

' Xeil»ch. physikal. i'han, 15111}, 9|. IIM) 

“ Senior. ZtUgfh. phystkal. Chm., 1903, 44, 257 ; 15105, 61, 073. 
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.ilkaliiio solutions, salts of hvflrogcn jioroxido arc formed, eg NaOOH,^ 
of which the ion 0011 ' would appear to be extremely reactive 

Tryhorn and Ji'ssop ^ have examined the decomposition of per- 
oxide on colloidal cobaltic hydroxide and find a similar rise iii velocity 
on the addition of alkali up to 20 nnllimols of ammonia per litre, 
an optimum beiiif' obtained at about 0 8 nnllimols of ammonia per 
litn* 

These mv(>stif;ator 8 have not eonsidi'red the jiossible influence of 
ammonia in )»('ptisation of the active surface, but ascribi' the increase 
111 velocity to the follow mg raecliamsm Hydrogen peroxide is assumed 
to he adsorbeil at a rate projiortional to the bulk concentration, 

The adsorbed hvdrogen peroxide is assumed to undeigo partial ionisa- 
tion, c <1 Pt]l()2'i - fl, the hydrogen loii being removed by a hydroxyl 
ion 111 the solution The rate of such removal will be where is 
till' bulk concentration of livdrowl ions 

The adsorbed O^H' ions now undergo dcconi|)osition, regenerating 
hvdioxyl ions and owgen atoms wliuli combine and aie liberated at 
a rale a, 

If the fraction of active surfaces respectively unoccupied, covered 
with (hje ions and with peroxide molecules be tl,, t/.^, and $1 
icsjiectively 

When a steadv late is reai lied, 
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wliii h agri'i s with the experimental data 

The rate of surface decomposition of hydrogi'ii peroxide is probably 
affected by the nature of the platinum oxide which may be present on 
the surface Euler'* states in fact that platinum black freed from 
oxvgcn exerts no catalytic activity on the deconijiosition of the per- 
oxide The electrolytic oxidation of formic acid hkewLse proceeds at, 
and onlv at, two definite iiotentiaK of the electrode at which definite 

^ /iAj/mIb/ ( hrm I'KII 38, VIS 

^ ,1 (htm .\if. 11IJ.V, 127, 1J2 * )li«t .-Iwn I'.KlO, 24 , a4!» 
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oxidos are assumed to Ive formed, indicating two difTorcnt n'action 
mechanisms for this surface oxidation process. The al)ruj>t change in 
the temjjcrature coetticiont of the rate of d(‘compoMtion of hydrogen 
peroxide at a rotating ])latinised surface likewise taki'S place where 
one oxide is converted into the other. 

The eiTect of jioisons on colhhdal and massive catalysts has alrearly 
been referred to (('hapter VI.) 

Bredig's valiu's for the inlnbiting or poisoning inlliience of small 
quantities of hydrocyanic a«‘id on platinosol are sliown in the following 
curves : 



Platinum iinisoned with HCN 
Fio 20 . 

whilst the following concentration of poisons can be detected by their 
inhibiting intlnence on the (hs'omjiosition of peroxi<le of hydrogen by 
platinosol : 

INiImh), I 'oiK I'll! nil loll. 

HCN 1:20,10" 

U N I : :{ . 10" 

],. 1:7 10" 

iLH'b l: 2 r,. 10 "» 

'I’lie action of carbon monoxide is an interesting one. It is an 
active poi.son for colloidal |)latinum in the d(*com|)osilion of hydrogen 
peroxide, hiit does not affect mangane.se dioxide or organie I’atalysts. 

Freijuently poisoning is not absolute, and the catalyst is able to 
recover from poisoning and exert its normal activity oin e more. Bredig 
ma<le the interesting observation that platinum poi.soned with earhon 
monoxide is frequently more active, after its recovery, than platinosol 
not .subjeeted to this treatment. 

The elTeet of poisons is also a ease of selective action. Thus 
hvdroxylamine and potassium nitrate poison liver catalase, activate 

1 Srf .iImi Tilof. Zuluch. phjstkat. Oum., I1K1.3. 45. 611 , U-wi.hig, I'hun, Ztil , I9<j7, 31. 
926 : and I’haii. II. 
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a Hilver sol, and aro without action on platinosol It is to bp 
px|)pctpcl, as IS indeed the case, that tlie halides, cyanides, and sulphides 
should aft as poisons for a silver sol owing to the forination of a definite 
insoliilile film on the surface of the colloid particles The poison itself, 
as 111 the ease of iodine, may also exert a catalytic activity fcr sr 
Bredig has attempted to carry the analogy between colloidal metals 
and enzymes still further, pointing out that the preparation of mercury 
sol or tliat of manganese dioxide by the addition of gold or hydroxyl ions 
IS comparabh* to the transformation of a proen/yme into an enzyme 
The decomposition of hydrogen peroxide at the surface of colloidal 
])latimim is a representative example of reactions taking jilace m liquid 
iiifsli.i at colloidal surfac(>s The li}drogeiiatioii of organic substances 



by colloidal metals likewise jireseiits ]ioint> ol interest in that other 
factors are involved 

We have already noted tlie evidence in favour of the hypothesis 
that both hjdrogen and the organu substaiuc undergoing li>drogena- 
tion are adsorbed at the surface of the catahst and the intliience of the 
nature of the organic substance mi the raP- of hvdrogmiation under 
specified conditions The ellect of hvdrogeii jiressure and rate of 
agitation of the solutiftn on the reaction velocitj have been investigated 
by RideaU and jiresent features somewhat akin to thosi' noted m tlie 
di'composition of livdrogen peroxide If ndativelv large (|uantities of 
active catalyst be jiresent in tlie solution, the rate ol hvdrogeiiation for 
a feeblv agitatisl solution is found to lie a zero order reaction We are< 
111 fact, measuring the rate of ditfiision of the hydrogen to the colloidal 
catalyst If the shaking speed of an oscillating hydrogenation vessel 

‘ Tran,) farad Sor , lOJS 19, 1 
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be incroascd, tlie reaction velocity constant is fouiul to increase as 
the s<[uare of the velocity of shaking, or 


, every oscillation of the shaker ]>resents a fresh gas liquid interface and 
the thickness of the liquid film round each particle is dcjiendi'nt on the 
rate of the movement of the, particle. 

That the velocity of difTusion of hydrogen governs the rate of 
hydrogiMiation was confirmed by the observation that sodium cinnamate 
and phenyl propiolate underwent hydrogenation at the same rate. 

If the quantity of active catalyst in colloidal suspension be, reduced, 
in the particular oO-c c vessel containing 10 c.c. of solution, to less than 
5 mg,, the reaction in solution proceeds more slowly, and the solution 
is consequently not ileninbal of hydrogen as rajiidly as it (‘an be supplied. 
For small concentrations of colloidal palladium, c.7. *2 mg. per It) c.c., 

' the rate of reaction was found to be indejiendent of the shaking speed, 
the solution thus lafing saturated with hydrogmi. The reaction was 
again found to be of zero order, but the sodium plnmyl jiropiolate 
solutions absorbed hydrogen at twice the rate that the sodium 
cinnamate solutions reacted. Both tlii'se salts were found to be 
adsorbed by tlie catalyst. Thus, one must conclude that both salts 
undi'rwent reaction to form the completely saturated sodium dehydro' 
cinnaiuat(‘ at the .same speed, the treble-bond com|)ound taking up 
2 mo](‘cu1(’s of h}drogen at the .same sjieed as tin* double- bond eiiinamatu 
takes iij) 1 molecule. A .similar reaction lias been noted by Hopkins, 
Morgan, and iStewart’ in the ea.se of tlie o.xidation by imdhylene 
blue of liy]»o- xanthine and x.inthine to uric acid at the surface of an 
en/yme, oxidase, present 111 liver ti.ssue. When, however, mixed un- 
saturated substanees undergo simultaneous hydrog(‘nation W(‘ liave 
noted the mechanism becomes more complicated. A study of the laU’s 
of hydrogenation of mixtures of these simple salts is evidently desirable. 

For fr(‘sh active .‘'ol.s the reacti(*ns appear to be of zero order, and, as 
iif tin* cas(* of the (h'compositlon (jf hydrogen peroxide, we may a.ssumo 
that the reactant is selectively adsorbed and .strongly adsorbed, forming 
a saturated layer. Only towards the end of tin* reaction does the 
surface cease to be .saturated and the reaction velocity begin to fall olf. 
With old sols, on the other liand, the adsorjitivc capacity is weaker; 
thus, the surface is not saturated even in strolig solutions and tlm 
reaction velocity curve becomes degraded to a form ajiproxirnating to 
the iinirnolecular form obtairieiJ with dilut*; solutions of liydrogeu 
peroxid(‘ at a relatively inactive platinum surfatn*. 

Some mtere.sting cases of rhythmic or pulsating eutulytic r(*a(;tions 
may he mention<‘d. Ostwald ^ directed attention to the. faet that the 
evolution of hydrogen from the solution of chromium in various solutions 


^ /Voc. ^OC., 1»22, 94, l!l». 
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waH not in a continuous stream, but came olT in periodic bursts If the 
volumes liberated per minute were plotted against the time, a regular 
sinuous curve was obtaimsl (Fig 22) 

Bredig and Weitimayr,^ in search of analogies with vital processes, 
w(>re struck with the regular periodicity of this reaction, and compared 
it with that of a cardigram, or pulse curve They subseiiueiitly noticed 



that a similar nulsating effect was obtained m the liberation of oxygen 
from hydrogen peroxide when exposed to a surface of clean mercury 
As 111 the case of the beating heart, the rate of liberation of oxygen 
from the mercury surface is influenced bv the addition of small (luaiitit les 
of various substanees, especially colloids, very small eoncentrations of 
hydiion or hydroxylion, and certain electrolytes such as sodium aietatc 
or ammonium citrate Thi‘ extraoidinarv alteration in the < haracter of 
the (iirve on the addition of ,i small (piantity of ammonium dlrate is 
well exemplifu'd by the following example 
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It will be noted that the simjile sinuous character of the curxe has 
been entirely (h'strcnetl 

The enzymes.- The enzymes must be regarded us colloidal catalysts 
As m the case of other heterogeneous reactions, the reactants arc 
adsorbed by tlu' enzyme m order that reaction may ensue The chief and 
most remarkable characteristic of enzvme action is their almost specific 
character, and the view must be adopted that, m the large complex 
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organic aggregate forming an enzyme particle, certain specific groups 
are present to wiiich the reactants arc attached. The “ molecular” 
weights of the enzyme aggregates are large. <’.</, invertin is of the order 
of I'.htUK) ^ to 2r),tKXt.- being comparable to tho.se of dialysed albumin, 
33, (XX), It IS found that enzymes are strongly adsorla'il by a variety 
of substances such as charcoal, alumina, fats, cholestcrin. and calcium 
oleate. The cifect of such adsorption on the activity of enzymes 
presents several interesting features In some eases; c.r/. in llu' adsorp- 
tion of invertin by alumina,'* the eatalytie activity of the t'li/.yme is 
unaffected by adsorption : the reactive groups wlih-h play a part in the 
adsorption are evidently not those which cause tin* hytlrolysis of sugar, 
and wliieh must be orientated in the solution m a direction invay froni 
the adsorbing alumina. In otlu'r eases adsorption rt'iidt'rs the enzyme 
inactive or th(‘ cln'inically acti\e gioui>s must he also plaving a part 
in elfecting the union i>et\\een enzMitc aii<l eolloid, ami thus turned in 
towards the ad.Mirbent Pancreas hjtase is inert wIk-ii adsorbt'd on 
choiesterin and jiartly active when atlsorbed on aliitiiiiia 

The inert adsorbing material may m some <'aseH accelerati' the 
reaction between I'lizyme and n'aetaiit, a liiglnT reaction velocity 
being obtaimvl in the hydrolysis of fats b\ lipase when substances like 
calcium oleate or mixtures of ealciuni oleate and albumin are added.'* 
It IS jKissible in these east's to imagine that the atlsorbetil aiisorbs both 
enzyme and reactant, thus inc»'easing the total rt'aelmn velocity Ity 
angnu'iitation of the " bulk " eiilloidal reaction with a sinfaet' reaetion 
in a manner analogou.s to the aeeeleration prodiieed by ehareoal in the 
interaetitm lietw’t'en )iotasSiiim ioilule ami dibroniaenls I'.vamim'tl by 
l\rii\1 ami van Dum.'* 'I’he mereast' in tin* eatalytie activity of ealeiii’ii 
oleate on tin' velocity of n action In'twi't'ii enzyme and fal on the 
addition of albumin is analogous to tin' i-a.ses of ealalvlie promotion 
which we hav(' di.scn.'-sed. \V<' might regard the talciuni oleate as 
adsorbing the fat more strongly than the lipase Thus the surface 
action wull not procee<l at the optimum vehteity. Py the further 
addition of albumin, albuinin-calcitim ole;if(> ad,H<trptntn compounds 
are formed, on which the enzyme is si ronglv ad.sorlied b\ the allmniin 
ami the fat by tlie calcium oh'ate 

It is now generally assumed that the reaction veloeitv in enzyme 
processes is (leternuiied by the concent rat ion ol adsorption eoiiijilex, 
rcactant-enzyme, pri'sent in the system, a view lirst advanee<l in definiti^ 
form by Bayliss** and ('laborated by ;\rm.strong,’ N<'ls(ni,*^ Kulk,’* and 

* Hiiltr, Ztil^ch. [thyxtkul ('him,, 130, S7. 

^ Z(i(9ch. phi/Kihil. ('hem , Mill, 73, 3.'{.'>. 

* Ndsoii an<l Mitcliceck, Amer (Jhtm Sor , M.iJI, 43. Ml.VJ , WilUluin’r mid Kiiliii, 
ZoOcA phy'>>kiiL ('him , MlJl. 116, .'>3 

* Willstalt.T. Zitivh phystkiil. (’hnn , Ml'2'J. 126. 113. 

s Rir lri„ chm., 11121. 40, '2411 “ U,i>rhnn Zetlurh., llHMi. 175. 1 

' rnir. Hoy. Soc., 11113. 86. 37S " ./ Aimr ('lum S»r , 11117. 39. 7lK). 

* The ChemtMry of Kmijmi Actions, NVw Yi^rk. 11121 




others Whilst, accoKlmff to Kayliss’s view, the specificity of enzyme 
action IS due to tlie s|)ec)fi( and orientated nature of the adsorption 
jiroiess, Aliderhalden and Fodor ^ believe that the subsequent 
catalytic and destructive processes are spi'cilic, the primary adsorption 
being common to all enzymes 

Tlie alteration of the hydrogen-ion concentration of the medium in 
general greatly affects the reaction velocity With impure and partly 
coagulated ferments, alteration m the Pn of the medium may alter the 
dispersity and thus the extent of active surface We have noted, 
however, that in certain cases, eg mvertin when pure is unaffected 
by adsorption, and for such the alteration in velocity {irndiici'd may be 
as( ribcd to a sjicoihc effect on the enzyme 

The reaction kmetics of enzyme catalysis. Miohaelis and Menton ^ 
first evammed m detail the effect of variation of sugar concentration on 
the rate of inversion by invertiii at a constant acidity of 
the reaitmn velocity is found fust to rise to a maximum and thereafter 
sink With increasing sugar eoiicentration It was found that tin- data 
(ould be expressed aeiiiratid) in the f(prm 
* |,S| 

ill (pS'ltAV 

where [<S'J is the eoiieent ration of frei* sugar, /f, a loiistanl 

If the original coiieenf ration of ferimmt be n and .in amount b 
eombmes with sugar when the bulk eoiKeiilration of sugar be |iS'|. 
obtain by the law of mass aetmn 

l»S'|(n- h) -KJi or b a , 

W'li(‘re /i, is the dissociatimi (onstani iif the conifilev sugar-ferment 
Since the nsiition velmilv .uimding (o oiii livpothesi'' is proportiomil 
to the amount of complex ])ies('nt, we obtain 


ih 

ill' 


KJi 


K 


la'i+a; 


ttio ofwcTvec^ data 

A\ foi the eomplox iiiverlin sugar is found to be OOlfi? Tlih 
value was eonfirmnl at a later dafe by Euler and Laiirm ^ by diied 
di'tiuminatioii of A, from the relatiotiship 

K ^ sugai\ concentration 

[Enzyme - ^mplex] 

In many cases the products of reactnta are adsorbed, eg mvertm 
ai sorbs both cane sugar and fructose , the i^ssociation constants of tlie 

l‘i ’(I 1, r.31 1017, 2 74 , 1018, 2 ^.1 1920, 4 19! , 1019. 3 19S 

- , I9n, 49, 333 » ZetUch p^kal Cita-JllU-lHS 04 _ 
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two complexes k\ for the cano sugar-invert in and Icf for ilio fructose- 
invcrtin o<nn{>lox may be determined i)y measuring the initial velocity 
of irjversion of cane sugar m the presenee of varying amounts of fructose. 
If the original amount of fernicmt present be a and h, and c be the amountwS 
of tlu! two com[>lexcs present m })resenn‘ of amounts of sugar N ainl F, 
we olitain by the law of mass action 

|.Sj[n -h c] - KJ>, 

If )|fi - r] 

1) AV 


When the velocities without and with fuictos<* jm'senl an' e and 
clearly 

c h 

>\ I'l 


Where 

W(' thus obtain 


1^'lM/vsl 


A’, 


bS • A\l(e;c, 


!)■ 


In this \va}' tile following values have been obtiiine<l for invert in : 

K t'line stii'.u oolU7 I K fiuefose ooaT 

A' j:ln(‘0'»e 0 OSS | A' tnamutse n (is.'j 


Effect of hydrogen-ion concentration. The laet that iMi/,ymeH are 
\erv sensitive to changes in the hydrogen ion e<in( ent mt ion ol t he 
mefliuni was first notisj bv l,oelt‘ and investigated in detail bv .Miehai'lis 
and Davidsoliu.” If the activity (d an enzyiin reactant systi'iu be 
plotted as a funedjon of the I’n oi the sobitnni. it is noted that there 
exists a well-defined maximum of activity falling as the solution 
becornr's more alkaline or nion* aei<l 

fn the ease of the system suecharase-siigar the velocity deereuses 
as the- solution bt*eonies more alkaline from l‘|f To and eeast's at. a 
Tji of m. !♦. The form of the curve, activity - l*u, is similar to that 
exliihited for the dissociation of a weak acid, being expressible in the 
form 

* • ■ Ift] 

Ac.>v.ty = Aj-jj]L, 

K possessing the value for this particular system of 2-10 

This alteration in the activity with the Pji may readily be interpreted 
on the hypothesis that the enzyme jiossesscs an acid dissociation 


> Zf'Hsfh, nma, 19. r,'u 

3 liiocJtfm. ZeUtcK,, 1911, 8&, S86 ; nee alao ttW.. 19H, 60. 9t ; lOltO, 110. 1*17. 

# 
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constant of value /\-2-]0 \ and that the ionic form is catalytically in- 
active, the iindisHociated molecule alone possessing catalytic activity. 
In (uses where liases di'crease the activity, the hypothesis of an 
amphoteric eii/yme may he advanci'd 

Since, however, the form of the relative velocity curve at constant 
Jhi alters m a similar manner with alteration in the sugar concentration 
(see an/e), the lomhination of the two factors leads to the expression 


where /v is the acid dissociation constant of the enzyme and h\ that of 
tlu' com|ilex, sugar-enzyme 

it IS found, however, that tlic velodty is at a I'n 0 7 independent 
over wide variations of the sugar (oiiceni ration an experiment which 
easts some doubt u])on the validity of the above assumptions 

Kuhn' concludes tliat the amount of (omhinatioii between enzyme 
and sugar is uiiaflected by a change in tlio Pn, and that the i haiige m 
velocity IS to he ascribed rather to the ionisation of the (om[ilev 
saccharose-saecharase, whicli lan he regarded as a weak lUid, the 
decomposition rati* of which is affected by its ionisation 

Killer^ finds the dissociation constant of the enzyme invertm to fie 
10 whilst the dissoiiation constant of ttn* lomplex, invertm- 
sngar, is A, --3 10 they are ftius both acids of the same strength 
Sag, us, according to Kuler, an* likewise slight 1\ dissoi lated as acids 
and as bases, and their ionisation riiav afled the dissodation of the 
eiizjme and the enzyme -sugar complex In general liowe\er, the 
sugarsareof insigmficant strenglhandth(‘ir loiitribulioiiof hydrogen ions 
may be neglei ted (E„ii,|- lO 'Moi saei harose and A’ --cu 10 
According to this view, the reaction velucilv in the system is 
propoitional to the concentration of tin iiiidis'-odafed lomplex sugar- 

enzyme. whuh IS to be regarded as a weak add or - K{IIES) 

The following ei|mlit)ria exist m solution containing hydrogen ions of 
activity 1 11 1, enzyme A’ and sugar S 


( 1 ) 


|//A||,S'l 
|//A',S| ' 


. Ill II 


A'., 


(3) "'VXk • 

(■i) |„4-| n„ 




Killer assumes that m the regions where the K„ apjiears to be 
independent of the Pjj, A', A',' or the sugar possesses the same affinity 
for the iiiidissotiated enzyme as lor the loii of the enzyme Hence it 
tollows also that A# -A",,' 


' ZriOi/i I'Afrif , lllJJ 125, 1 

Zalsch phi/sdal dim, 120. «1 . liid , I'J.M 134 S'J . Her. I'liJ, 57, llW 
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Tho 1(»tal ([UiUitity (/') <»f^saccliaraso ]in*s»‘nt I'l a’rionlin|:ly ’ 


F - I II FS 1 r 1 // A’ 1 ( I 1 • 1 I II FS j I 


K. F.F. A„| 

,N' '|N||H|' A I' 


wliencf 


dv 

dt' 


i:\UE^^\^Kh\ 


mm 


IHilM 

A\)i A'„(|Nh 


AY 


Tlic jit'roiMitagc (liHtrihution «>( rti/yiur iii an 0-2 nmlar stipir solution 
at P({ from 5 to 8 in tin' various fornix lias Ixaui (“alciilatcd liy Kiilor 
witli tlu' followinji results: 

, I.irni I’,,:. i*„a , i‘„ : i’,i " i 

\nt:s\ 

\KS'\ 

\UK\ 


ss 

2 <■> 

0 20 


2 ] 

2 1 


ti'.t 
li u 


In manv e.ises t he aeid ions alone ate imt t In- only ellVc tive eii/A’ines ; 
thus, we tind that |te|isin attacks alhuniin in the «atioiiH’ form hut 
trypsin tin' anions of the proteins It wtnild seem pnssihle (hat some 
en/\nies mijzht attack pruttuiis most teadilv at the laieh-cjnc point 
w'liere the aeld ami basic portions (d tin' amphoteric piotihii are both 
cfpialh dissociated Thus, we limi, actordinsf to ll('tl/.mann and 
Hiadh‘\,* that pepsin attacks ovalbumin most teatbl} at its isoi'ledrn' 
point 

I'luh'f has made “ manv interest inji comparisons between t'le 
catalvsts invertiii tiiid hydroehlorie acid in the inveision of eane sti^ar. 

Since till' basic dissociation constant o! eane snear is of the order of 
1(1 the concentration of complev | II ||,S’| m 0*1 normal 11(1 will be of 
the order of lO ” This '‘treii^'tli of acid is e(|ni\alenl in inverting 
power toa il*t) lO ^ molar solut nm of t ln> en/\ me. w Inch v lelds a substrate 
en/vme concentration of } A )l<S) t)*r» Id 'rheallinity constants of the 
two complexes being lO ‘’and bO respect ivelv . it will be noted that the 
concent rations of act ive complex are pract ic.dlv ideitl leal, being j mm I need 
in the case of tin* acid b\ a liigh < oneentration of ai id wit h a low allinity, 
iind in the case of the en/vme by a small com ent lat ion of enzvme 
possessing a great ulhnity 

'I'lie temjieratiire i-oeirMieiits of tlm two reactions are also murkerily 
different: the (-nergy of activation is found for acid inversion to be 
25, (KK) cals ; for inversion by tlie enzyme only, cals 

The reaction velocity of enzyme actions. In man> cases Schutz s 
law ^ is found to be obe\cd in enzyim* adioiis. Many proteins arc 

> 7V<v, Aiiur SfX /W chftn . 18. Ill 

* ZoOr/i j,hj<iknl (7em, I'.lOO, 32. :{IS. 11101.36 (»tl , I'JOl, ♦?, :{.'.:i ; hnn. Z, iu< h., 
Itm 107, IHO 

* ZalMfh, jih'jxtkaL Chun , 9, .'»77. 
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readily hydrolysed "by pepsin at a rate di'pendent -on the quantity el 
pepsin present If an amount x of protein is hydrolysed during a tiim 
t by an amount of pepsin P, it is found that x~K'\/t xnd 
as the time or the enzyme concentration is chosen as variable ,i 
combination of these two leads to Scliutz’s law, x-^K''-\/Pt 
On squaring and difterentiating with P as constant we obtain 
dx_K 
dt x 

This law, as jiointedout by Langmuir, follows immediately from I he 
assumption that the prodiicl of hydrolysis ( B) is capable of dis()lacing 
the adsorbed reactant (/I) Thus, if 9 be the fraction of the siirlace 
covered with the reactant, the rest being covered with the product 
of reaction, equilibrium between the rate of replacement of leactaiit h) 
the jiroduct is attained when 

- /,' ^J\J 

^ {^HlXlt\ j’ 

which IS Sdiiitzs law \s exanqile may he cited the data of fJerzog^ 
on the liydrolvsis of e(h\l ai elate by a lipase present m pig's li\er 





Since tlic vi'locity proportional to F,, \vc obtain 

di Fi' 

, hr , F . • 

dt r 1 A,(i i (/f) 

If j inols oi .sujfar arc liydrolyscd, x inols. of }» 1 u(’ohc and fructose 
appear. Hence 

dx (I r r 

dt a - X K, ( 1 -I V 0 

On integration we ol^tain 

K'l - (I - K,<i)r - A', (I I aq) lof^ (</ - ./) ( con.st.'int, 

wlien X " (), /---<) 

Henee tin' constant is 

A’. (I I a<i) loj^ a. 

Thus A'V A'.(l * U 7 ) Io;z 


^ \ 1 

\ r. + J. U 1"K 

t a hf A ,, c 


.r ' rh\ K, A',/ 


|t is deaf that if the uHinity of the products for the en/.ynie is iluf 
f»me as that of the reactant, or 


1 1 1 

kV'k/k; 


|the second term vanishes and we obtain a unimolecular constant. On 
l^e other hand, if the affinity of the reactant for the substrate is 
^^remely large, the first term becomes sniall relative to the second, 
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readily hydrolysed liy pe{).sin at a rate depond(‘ut on the quantity of 
pepsin pre.sent If an amount x of protein is hydrolysed during a time 
t hy an amount of pepsin /', it is found that x-K-\/t‘xivl x = K'\/l\ 
as the time or the enzyme concentration is (hosen as variable, a 
comlnnation of these two leads to >Schutz’s law, f -K"\/Pt 
On Kquaring and differentiating with P as constant we obtain 
dx K 
dt X 

This law, as jiointed out by Langmuir,^ follows immediately from the 
assumption that the product of hydrolysis {B) is cajiable of displacing 
the adsorbed reaitaiit (//) Thus, if 8 be, the fraction of the surface 
covered with the reactant, the lest bung uivered with the pioduct 
of reaction, equilibrium between the rate of replacement of reactant by 
till' product 18 attained when 

li 

! I Vn 1 B 

which IS Schiitz’s law As example may be cited the data of fler/og^ 
on the hydrolysis of ethyl acetate by <i lipase present in pig's liver 

I 'I’li.ii ' QlMIltllV |» I M lit , I, , 

I 1 livilrnlvsiil 1 ‘ 


10 

15 

l!0 

:<() 

45 25 
()0 


3 5 I (> 

5 S IS 

7 0 Is 

7S 17 

10 1 I s 

.12 s to 

114 ; 10 


The more general e\prea,si(ms for en/vme reaction velouties have 
been eluborati'd by Michaelis and Ins co-workers on the asuim|)tiou 
that the leaction veloutv is proportional to the quantitv of en/vme- 
reactant complex present 

, In the case of the inversion of cane sugar by aw charase, prodtu mg 
^^I'ose and fructose, w'e obtain the follow mg expressions 

'•’-total amount of enzyme present, 

' amount of enzyme cane sugar complex of affinitx constant A',, 
. ' , giucoiie complex of alhnit) um^tant A',. 

,, ,, fructose (omplex of affinitx constant AV, 

h' „ 

* J tinn (hfiii Soc, lulb. 38, e-J'U 
1 he Firm umi ikre )\trkuuijen Ith edition, I'll.S p 10211 
* Ol»(Hiihpinior, 



‘colloidal ‘M 

and C, G, F bo the concentrations of tho throe sugars, then, according 
to tiio law of mass action : 


(]) C{F^ F,~ F,-F,)- K,F,., 
(2) GiF-F. F„-F,)^ h\,F,„ 
(a) L{F /V F.f- Fj) KfF,. 

From (1), (2). and (IJ) wo obtain 







the second term vamshea and wo obtain a unimolorulur constant. On 
the other liand, if the affinity of the reactant for the substrate is 
extremely large, the first term becomes small ndative to the. second, 
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CH 


and tli(‘ mutioii heroines one of zero ordiT Michaclisi obtained at 
2.V' (t at P|t 1 (i the following valii(‘s 

AV--'H)I07, Ki = {}{m, A>fi089, 

2.‘5(l.‘5 n 32 

wliencc ^ (I -I 2Hn) loji - t -jc -K 


The valu(‘s obtained foi K .ire given in the following table 


e III Mol iiit\ K 

().!{ 

n lo7 0 (114.1 

OOMa oolhl 

OOtK) 0 044.1 

oojos 0 0474 


Poisoning of enzymes. We h.ive noted that enzymes, in eominon 
with colloidal metals, are exliemel} sensitive to iioisons, which an’ 
adsorbed on tbe surfaci’ The medianism of poisoning of (‘ii/.yini’s h.is 
been inveHtigated m detail by Euler and his ( o-wiirkens ■ Thi' following 
dat.i allowed the elleit of addition of meiturie ( hloride to .i solution of 
111) e e 8 per cent .sugar I 10 e i 1 per cent KILl’O,, I- 1 i e eontaining 
.% mg of inverliii 


inversion 


‘I'l 


J (I 


The adsoiplion m tins lase is peifedK rr'ierMlile .is was shown by 
the almost (oniplete reio\er\ of iho .otisitv of llie invirtin on the 
.iddilioii ol hydrogen sulpliide In the same mannei it w.is found that 
the activity of a partialU poisoned en/\me (mild In restoied hv llie 
addition of nioie cane siig.ar, the two .id, sorption (onipounds iinertm- 
Hiig.ir and invertiii-niereurie ion, lompeting tor om another 

III the following table are eili'd the ( om entratioiis of merenne 
chloride msessarv to n'dino the ailnitv of an iiuertiii solution to 
dehniti’ fiactioiis ol its initial aetuili m the [ireseme of varying 
foneeiit rat ions of cam’ sugar 

1, riiiuir.il I.) r.'.liiii ili. Vitnilv t.i 

li)"„ 1 „ 111 till Inill.il \ iliii 

on I 0 1.') 

0.10 I 0,t(. 

* 0 4.7 ; 0,74 


^ hniinilforvhiiiKi IllJO, 3 HO ACmA fihi/iilMl ( hfm . lOjJ. 121,177, Xaloch Efp 
Werf, 33. 483, />Vr I'L’J, M 4H. 
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v^^ilvor salts are oven more oilioaoious than nioronrio olilorido in this 
respect, and on the assumption of c(piivalent e(itnl)inalion between 
silver ion and enzyme 107'8 grins, of silver are found to inactivate 
4t)0t}-r)tKX) grins, of sa<*(‘harase. 

Whilst copper and lead salts are less etTective than silver, they 
appear to bidiave in a inann»‘r similar to mercury in that increasing 
concentrations of sugar lowers th«*ir toxic jiowcr. Silver, on tiu' other 
hand, is to be distinguished from the.se salts in that cane sugar exerts 
no protectivi' ui'tion for silver poisoning, a result wiiiidi leads to the 
coiu'luMon that the fcrimuit is not parti'd between th«' sugar and silver 
ion but tliat the silver reacts with the complex ferment sugar. Various 
organic substances such as aniline and the alkaloids likewisi' elTect. 
reversible |)oi.sonmg : ‘ the nilrojilienols, (tii the other hand, poi.son in an 
irrt'versible manner, forming compounds wliich no longer dissoidate. 

‘ Ul.^liaiKl Itonn. HukIkw /.nhch , 1'.I2I, 118. tsr» 



OlfAPTEK XIV 

CAIAIASl.S I\ 01«;AM(.‘ ClIKMlfsTKi' 

Tjii': ({iugnard Rkaoent 

The use of orf'iiim-nn't.illic! (oiiipoiiiidH m organic syiitlicMh mav be 
said to date from the time of Kranklaiid i and ('ahoiirs," lint it was not 
imiil Jiolir isol.ilial magnesmni dietliyl in IH'lO that the develo|»ment 
of .s}iillieti( operations l»v means of these reagents became gciurally 
jiossible 

In liSD.'f Kleilv [leifoimed the first synthesis with the new reagent, 
con\erting an and} I fldoride into a teitiaiv .ilniliol 

0 Clf, 

2Mg((TI,),a('ll/- -■> I /'If, 

M1 ('-(iMgt'lIirMgClljCl 

('ll, 



(('fl,),i('ll,iMg(0!l)^ 

(' Oil 

Ikibiei, in sliowed that it was iiiiiiecessan to isolate tlie mag- 
nesium alk\ls foi synthesis Thus, an aldehnie toiild lienimerted 
into a seeoiidaiv ahohol by iiiteraition with magnesium powder ami 
an a!k\l halide 

\l ('ll, 

('-()iMg4(TI,I — > '(\ 

II II OMgl 

I 

4 

U ('ll, 

H OH 

+ Mg(()lI)l 

400 


h^mlrn, 181') 71, -“07 


^ ( iiihjii nnd , ISj'J, 49, I HO 



" Crrignard, Barbier’s pupil, mado iho intorcsting discovory, a jvar latyr, 
i^hat ether acted as a catah'lic agent in the process, and tliat when this 
agent was presmit the reactions proceeded sin«)othly and good yields 
were obtained^ 

All the metals of the uneven series of the MendelctdT table yield 
organo-'metallic compounds, with the exception of copper and silver, 
whilst calcium, potassium, and lithium of the even .series also form 
similar compounds. Neverthele.ss, witli the exception of (lie calcium 
alkyls, .‘juggested by Beckmann - in l!>or). magnesium is practically 
exclusively employed . 

'I’he iiiecluiiiism of the (Irignard reaction lias not been detinitelv 
.settled, Grignard himself showed that an atlditue (‘ompound W'as 
formefl with the ether, and sugg'-sted the sinietural 

formula : 

(UI 3 , MgX 

N)/ 

(Ui, ' H, 

in the foim of an oxomum compound Baeyer and \’illiger suggested 
as alternative . 


(\IIr, 

Mgit 



('.,14' 

X. 

<y4 

n 


]()' 


' Snt’l, 


Tschelin/eff in Itfo,), isolated 3lgKX by jierformiiig the opemtliui in 
benzene .solution, using a trace of (‘tln*r .is eatalylic agent, and siudiiai 
the lioat of formation of the etluT magnesium alkyl halide complex. 
He obiained the rather .surprising result that apparently 2 moleeules 
of ether took part in the reaction (G,,ll-Mgl t Kt./) (rbll kg cals 
CjH-Mg . IKtjjO + KloO b'tir) kg. cal.<-’.). indicating the existence ot a 
secondary oxonium linkag'- ; 

0; (’,,115 t’.d4 Mg-X 0 

( W "X~-() or ,0( (jJL. 

Cjll, CJI/ l( 

Tertiary aniiiiea also eatalysc tin* rejiftioa aral pri'siiitiahiy form 
complexes : 

K .X 

H.liMr'.NfMgK'".X --> 

IV'" I K'" 

U" 

' Cc/mpt. rend,, llXK), 130, 1322. ' * /Ar, 19U5, 38, fKll, 

2 D 



402 * 


CATALYSIS IN THEORY AND PRACTICE 


It IS evident that isomers may be expected on either Baeyer’s or 
(jrijftiiird’s form Ilia , the Grigiiard structural formula, however, is 
usually adopted, since it indicates more easily the various reactions 
which may be performed with the reagent 


The Kriedel-Crafts REAcnoN 

III 1877 Friedel and Crafts^ showed that, anhydrous aluminmm 
chloride was an (‘xtiaordinanly cITi'ctive catalytic agent for bringing 
about (oiidensat 10118 of the type 

I KX + (AlCl3)— > Cfllls-R^ HX, 

where RX IS an alkvl halide 

The rescaichc's of Jacobsen" and of Ansehut/,^ have shown that the 
naelK'n is reversifde Thus, if hydrochloric acid gas be [lassed into a 
mivturc' of loluene and aluminium chloride, bem/.ene may be obtained 

iSiibstitution usually proeec'ds further than the stage indicated above 
Thus, fiotn ben/ene and inetlnl chloride in excess, methylation of lhe 
beii/em' ring can proceed to completion I'Acn when the proportions 
necessary for the pri'paration of toluene aic* taken, the yic'ld is far Irom 
thc'ciretical and the [irocluet has to be treed by fractionation from the 
xylenes and mesilylene present 

At, highei temperatiiies the aromatic hydrocarbons ben/ene, or 
naphthalene w'lll leact, undergoing a process of deli vdiogemil ion 
(.see p 288) Thus 

2 I > ! I til.. 


and. as shown by Miss Homer,* these changi's take plac'e much more 
n-adily with naphthalene 

2 I I j - s (’Jl, (\0II7 

A similar reiielion takes jilace with the acid chlorides 111 jiresenee of 
aluminium chloride, forming ketones , 

R (’0 ('li(Vl(1,)t(;il„-->R (’() ('„ll.f(\l('l))t 1U1 

I'tili.sing carbcmyl ehloricle and subseijueiitlv submitting the acid 
chloride thus tormed to hydrolvsis, acids mav similarly be [irepared • 

COt'l, I Aid, t -V COd —V (',11, ('OOH 

TJie method was extended, by Hattermanid to the preparation of 
aldeludes by passing a mixture of dry hydrogen chloride and carbon 

‘ Rrr, l'KV> 38 ll>fil 
■> iff) , 188.), 18. l.)'l 


* 1 ulnjil Mil/. 1877. 84 ITU' 

< /fci<l , 1885, 18. 1).57 ‘ .liinn/w IWHi, 347, 347 
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monoxide into bonzeiu' in tin* presence of aluminium cldoride or cuprous 
chloride : 

('eH«4 CO + llCl-MAU’U C^Hs.CHO + IU'I f (AICI 3 ). 

Anhydrous ferric cliloride. cujirous chloride, or the finely dividt'd metals 
sncii as zinc, copjier, aluminium, or amalgamated aluminium liave all 
been suggested as alternative catalytic agents, but, with the exc(']>tion 
of cujtroiis chloride used in (Jattermann's naiction, thi'V are all less 
active than anhydrous aluminium cldoride. 

The mechanism of the reaction. In I'dOl ?crri<‘r isolated from 
the interaction of aluminium cldoride and an acyl chloridi' in solu- 
tions of carbon disidjdiide crystalline coinjioimds of the formula 
K.I'O.t'l AH'l,, whilst a year later Holler showeil by cryosrojiic 
measurements that thest* molecular compounds wi're complex, having 
a molecular ('omposition (U . ('0 . (’lAK'l^).,. 

Steele * systematically invest igatc(l the hinclics of the reaction. 

A stream of dry hydrog(*n was pa.ssed through a tiduene wash-bottle 
into a reaction inixtun' of bcn/yl cldorule and the cataly.st (aluminium 
chlorele or h-rric chlornh'), the rate of ev(dntion of hydrochloric acid 
in the gas stream being measured. 

The ratio of cataly.st to benzyl cldoride was varied within wid(‘ limits. 
It was noted in th<‘ preparation of hydrocarbons that there was a small 
jicriod ol induction, the .solution Iiecomiiig of an intensi* orange cohiiir 
suggesting the formation of a complex . ^’ilof’l . AK'la).^,. 

With ferric chloride the period of induction was somewhat, longer. 
Till' reaction tlien proceeded uniformly aci'ording to a unimolecular law 


until about 2.j molecules of hydrochloric acid ]ter molecule of aluminium 
chloride had been evolved, after which tin* n*a<’tion ceu.s«*d. It appearrnl 
that the primary formation of the complex . tdl.)). 3 Al 2 ('lfl took 

jtlace .somewhat rapidly, and that the rate of decomposition actually 
measured was that (d the crimplex 

((’A (Ty(„H3.(Ti2(i\i(v:;^Ai(i,t-<’,4iL.t iH'i- 

Aluminium chloride is thus a true catalyst, but is removed from the 
spin-re of acti(»n hy a great exce.ss of the hydrocarbon prodiicr'd. Ferric 
chloride reijuires a still greater ex<;e.s.s of hydrocarbon to elfect, its 
removal. 

Steele's investigations on the catalytic activity of the anhydrous 
(diloridcs of aluminium ami iron on the condensation of toluene and 
benzoyl yielded somewhat ditTcrent results 

With a molecular ratio AK'lj : ( . FO . Cl varying from OdF) : 1 


‘ ./. Chnn. 83. H7e. 
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,0 1 3 1 tho ('volution of hydrochloric acid was constant for the fitst 
,on minutes Subsequently it followed the ummolccular law 



or a short jieriod and finally ceased 
With a ratio 23 1 the ratio of decomposition approximates to 
that of a biniolecular decomposition 



These results are exjilicable on the assumption that during the hrst 
ten niiimtes the complex was present in excess ot its solubility, i c tlie 
concentration in the solution of the decoiiiposiiig complex did not alter 
for this period, and consequently 



or the rate of ('volution of Indrogen (hloride. would be constant 
Subsequently, in the presence of small ainoiints of catalyst, deiomposi- 
tion of the complex jmiceeded in the normal nianmr, the aluminium 
chloride being removeil niolcdile for molecule by the n action product, 
the ketone (\H. (’() (',,11- In the picsence of rdaliveb largi' 

amounts of aluminium chloride, it must be asMimed that the toluciii' 
will also form a complex with the catalvst, and that the rate of inter- 
action of two alumimuni chloride conqih xes is being measured 
(’() Cl \l('ldi(<Vb, CM, \lf1,) 

It W’lll be noted that m this case the (atalyst is remov'd molecule for 
molecule by the reacdion products, whilst in the case of h}di(Karbon 
synthesis the, catalyst is only removed by a large excess of tlie product 
of the reaction (loldselimidt and liiirsen ^ showed that the con- 
densation of heiiz)l chloride and anisol was a reaction of the hrst 
order, and coiitinnc'd Steele’s ohserxation as to the* purc'h catalytic 
function of the alnnimnim olilonde 

That aluminium cliloride can form fairly stable complexes with 
hydrocarbons, as was suggostc'd by Steele, has hc'c'ii shown to be the 
case by the researcbc's of Giistavm,’^ who has isolated dehmte ccimpoutuis 
such as CjHj ALClj 

Another application ot the cataljdic actuitv of the halides of the 
elements iron alumimnm, and copper is found m the Sanclme)er 
reaction, m whicli the halides of copper arc utilised to effect the 
elimination of nitrogen froih diazo-compounds, thus 

i\\\, . N,fl + (tujClj - ( '1 f Nj + ( ‘u,,( 1 ,, 

NjCl + (TijBfj - ('JfsBr + N.-e t'u J5r(’l 

' Znivk ph^iLal ('hnn \m 48, 110 
‘ rumpl rrnJ , UlOi, 136 lOCs'i , 1<10S, 140, 9-10 
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Aldkhvdk (Condensations 


The aldol condensation. The condensation of uldtdiydc.s and other 
reactive compounds containing tlic. ^rouping 

X 

V 

vvhtTc X anil \ arc hydrocarbon radicals whilst one may be a hydrogen 
atom, was first invesligated by \Vurfz.‘ who showed that acetaldehyde, 
on standing, slowly polvmeriseil into uldol. Tliis condensation can 
be catalytically hastened by the addition of small ipianlities of alkali, 
such as caustic soda or potas.sium carhonute, or of* acids, such as 
hydrochloric acid : 

(I O ,011 0 

<'ii,.c; M'li, (': V (’H,-(c l('ii„-~(-. 

If 11 11 “ "H 

II vUrow l)ut> riildHijiif, 


At soinrwliat more elevated tein|*erature.s, and in tin* presence of eerlain 
catalvsfs. especiailv dehydraling agents such as siilpliiirie acid, zinc 
eliloiide, or acctii' anhydride, the aldol condeimtion prodiii't loses 
w'ater to florin a erotonaldelivd*' eondensatioii product, lims . 

OH O () 

cii, (' -('II... (' -V (’ll .{' iii^o. 

H 11 II II 

('rii(i)n:il(lfhv<l<‘. 


Bukelitcs, being products of the condensation of fonnaldebydi' and 
])lienols < 111(1 now exteiisiv(‘ly iis(*(i for electrical insulation piirpo.se, s. 
are the result of such a senes of aldol and crotijiiahh'liydi' coiidensatiotis. 

(’laiS(Mi ' lias nnnh' (‘vteiisive n.se of dilute caustic soda as eat.alytic 
agent in this react nni. Thus, synthesis of erytlirose from glycollic 
aldidiydc jiroceeds smoothly in lO per cent, caustic soda solution : 


OH 0 OH OH 

(’ t I 0 (HI <011 I ^0 

HI HoC (’ -> (; -(’/ . 

11 H/ H I U 

lTl>i'ollaltlf'liy(|i . jj 

KrylhrofM'. 


■Aldehydic and crotonaldchydic condensation may of course continue if 
the aldol condensation product still contains the groupings 


J) 

— (.V" and — 

H 


('vmpl. rend., 1S72, 74, 13^1. 


* litT, 1881. 14. 2171. 
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TIiuh aldehyde resms obtained on boiling acetaldehyde with potash 
are doubtless of this character Kinhorn and Diehl ^ isolated two 
produds of coiulenaation fioin beiizaldchyde and acetaldehyde 

(yis CHOtCHg Clio CH CH CliOtH/), 

tyij CH CH CHO + CH, CHO ('H CH CH CH ('HO 

With till' higher alijihatic aldehydes oi with the aldehydu grouping 
attadied to an electro-negative cyclic nudeus sudi as the bi'iizeiie, 
|iyridine, or furfniane ring, the alkali no longer acts as a simple latalyst 
blit serves as a base, foriiimg, as shown by Canniz/aro, the soilium or 
polassiuiii salt of the respective acid and the (orrespondiiig alcohol, 
thus 

Clio COOK CH^ Oil 

sQ+koh 'i 

OCH, WHa (K'H,, 

\iusu aM(licil( 

2 11^ jroOK J'cil., oil 

0 () b 

l'iiiliiri<I 

(CII,).,CH CH, Clio ;{('H,)^ Cli CH, coo;, Ca 

((Cll,)-Cir CH, CIO oil 

IhdmiImIi ilililioli 

The benzoin condensation.- Liebig and Wohler-^ niMstigated an 
interesting i ondensatioii of ben/aldeh\de to bcn/.oiii, iiMiig .deoInd'K 
potassinni c vanule as catalyst Hredig and Stem * stinlusl the knietus 
of the process and showed (hat the cvaiiidc ion was (he (a(,il\tic agent 
According to Laiiworth'* an iiiterinediate (oiiiponnd ben/aldehyde 
cjanhydriii, is formed, which sulmecpiently condenses with another 
molc'ciile of ben/alclehyde with the elinimation of hydrogem cianide 

H H HI 

(V-ONi (yi, c; 

0 M)H "o 

0 

II /H 

— -vcyis c -c -(yf.,fiicN 
'oh' 

CmiATIC ClIANOKS UK Dy.WMK' IsUMKRlDKS 

Many cases of tautomeric change's are inlluc'iieed b\ the prt sence 
of certain catalytic agents There appears little cionlit that on the 

* Jtcr, l88o, 18 Cohen, ChpmtMr// p ^75 ^ JH'IJ, 3 27(i 

® ZtiMh pAmlfil CArm, 60, 6U * J Chem Soc I'KH, 83 TO 
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establiHhmcnt of u truo ('(juilibriuiu both btniis of tlic tautomeric 
substance will be ))resent. but in cases of ])seu(bmn‘rie substances 
(r.g. the lactam and lactim forms <»t]isatm) one f(»rin is usually ])rac- 
tically absent, or present in <'xtremely small nuantitics 'riiis, ho\v(‘cer. 
must be attributed to the fact that under the conditions of tlje experi- 
ment the e<pidibrium has been shifted very far m one ilirection. Thus, 
in the usual urea-ammonium eyanate equilibrium, tt'i per rent of urea 
represents the eijuilibrium amount under normal conditions : 

Nil., 

Nlf, 

Nil, 

.» IM [ 11‘lit !».'• |I< I < fill. 

In the case of many allelotropic moditications in which at e(juilibrium 
the two forms are present m determinable quantities, each form can be 
isolati'd m the juin’ stati' and its rat(‘ of conversion be di‘tenniiied, 
pro\ ided that tin* reaction velocity of tlu* r<‘ establishment of e(juiiibrium 
b(‘ not evtrmnely rapid. 

.Mucli confusKui in the past was caii.seil m the classilication of ty])es 
of dviiainic isomeric chaiifies owiiie to the fa<‘t that either the intra- 
conveitdile forms were e\tr(‘im-l\ labile in tin- juire statt- ami could 
fn‘(pientlv not be isolat«‘d as such, or. on the other hand, llu-v wen* 
V(*rv’ stable and only proceed(‘il to form an ecjuilibrmm mixtun- with 
dilh(ultv. It is evnient that these ililferences are mcrelv one ol d('}irc(' * 
Lowtv has noted that in cases of dynamic isomerism where two radicals 
are interchanged, ami when neither radical can be split olf as an ion in 
1‘ithei compound, the catalv’lie aeent is invariably an acid or an acidic 
8 ubstam-c. 'riius, in fumarii -maleic acid e((uilibrium, hvdiobroimc acid 
is the most ('licet ive catalyst . 

(’0011 il coon .(’ H 

!: li 

coon.c.H II c f'ooii 

In the benzidim* coiiver.sioii mineral a( ids are invaiiablv used . ~ 

Nil Nil > Nil, Nil 

Il\tlr,l7(a'< ll7< fu- S( MlllllIH' 

- > Niij , - NHj. 

Ik ii/.Mtrn‘, 

Of historic interest is Biitlerow's invest ijzat ion '* of the ai-tion of 
trimethyl carbinol in diluli* suljdiuric acid, a (jualeruary e(jiiilibrium 

' Sx- Ixtwrv. lint Akhoc. HepuTi/i, HHlI, |i It!.'! 

» S('0 Jacotwen, Annakn. 1891), 303. 290. Hfid Oeldaohmidf, IUr,,\mA, 29, l.'W9. 

* Annaien, 1877, 189, 76. 
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bofcwopn the two isodibutylciics and their respective alcohols being 
(‘Htalilislied 

(■ili^^.CHo Oil ('ll, ^^(’11, Oil, ^^('11, 


GIl 

G 

G OH 

G 

1 — > 

1 -> 

1 -> 

1 

GH 2 

GH 2 ^ 

GH, 

GH 

G(G1I,), 

1 

G(G1I,), 

1 

f'(CH3)3 

1 

<'(011,)., 


III 1h(> Ik'ckniann chaiigi',^ the heiizaldoxiiiK'S, 

(yi, G 11 

II 

N OH, 

are converted into thi' acid amides, 

(yi, G {) 

I 

Nllj, 

by a trace (d hydrochloric acid or iiliosiihoms oxychloride 

The use of inaiiv siniilar acid (ataly^ts is also to he noticed iti the 
traiiMference of groups from the side ch.iin to the <iroiiiatic inideus 
Thus, Biiiiiherger “ obtained the traiisfeieiu'e ol a nitro-eroup by the 
addition of n small (|iiiintity of tniiK'i.il acid 

N UNO, Ml, Nil, 


NO, 

Similar transferences of one or more iiiethyd groups have been obtained 
by ilofmami and Maituis,^ the sulplionio group by Jliiulermann,^ as 
well as the - NO and -CTI, GO groupings by dilfereiit iiucstigators 
In those cases in which .i single radical is transferred from one 
position to another and in whicli the radical may be capable of acting 
as an ion in both forms or at least m one form, the catalytic agent is, 
according to Howry, invariably an alkaline substance 

The most important cases of this class of dynamic isomeric change 
are the keto-eiiol modifications in which the isomers diiler only m tho 
position of a labile hydrogen atom 

-GO -G OH 

I II 

- GHj -GH 


lift 1889, 22. 1517, 
/6i.l, 1878, 4, 74Z 


J /fiKi , 18'17, 30, 1.’88 
* Will, 1897, 30, 854 
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1"Ko rcnftivity of a hydroyou atom attached to a carhou atom iti- 
creases as t lie divergence bet ween the eleetro-jiosit iveand elect ro- iiegal ive 
groupings in the molecule Iktoiucs greater. Thus, in the following com- 
pounds the activity or lability of the hydr(tgen becomes grcali'r owing 
to the insertion of more eh'ctro negatiw- groupings in the molecule : 

(O.t'ii, (oon 

(’H.,.('ooii, ('iij.on.tooii, (’ll.,, . (11, 

“ TooH ■ \T)on 
(’() ('OOH 
('ll, 

' ('0011 

In malonic acid both hydrog<‘ns of (he nucleus ;('J1, have already 

become labile, and are even cajiabh- of replacement bv Hodiniii. Aceto- 
acetic ester has also two labih' hvdrogen atoms, bu( only one sodium 
salt is known. 

Acetoacetic esti'r exists both m the ki'to and eiit)! forms in solution. 
Thus, it shows reactivity towards both ketone reagents, such as 
phenylhydrazine, and to enol reagents, t ij jdienvlcarbmiide or ferric 
chloride. By the addition of sm h suli.staiiees tin* e(|uilibriiini is shifted 
and eonijilete conversion eari linally (Ui.sije if sullicient of the n'agent be, 
added, all hough in the ease oj leine clilonde the complex Ke (enol),, 
[Fet'l, + 3 enol form < ^ Fe (enol)., \ 3ll('l] is formeil to .sneli a slight 
extiMit that the e(pnlibnnm is barely alb-eted. 

The solvent itself may iniluenee the e(|uihbriimi hy eoinbining wd 'i 
one or both of the isomeric forms In tln*.se eases al.so the change from 
kc'tonic to enolic form is accelerated by tin- addition of small rjuantities 
of bases. 

The work of Schitf on the eondensation of ueetoaeetu- (-ster and 
benzalaniline ^ has, liowever. indieated tliat. this eatiilytii- aefivity of 
base.s in the- keto-eiiol conversion leads to sonn-vvhat unexpeeti-d n-sults. 

He noted (hat comph-te conversion (d (he ki-to foim, 

('ll,.('0.( H.COO.(',IF 

i 

(;ii,.(ii.Nii.(:,ii5, 

to the enol form could be, obtained by the addition of a trace of sodium 
ethoxide to the reagent, whilst tlni reverse change could likewise la* 
accomplished by the addition of pijieridine. Evidently lint action is 
not purely catalytic, since the equilibrium is ilistiirbed ; bowry lias 
assumed that the sodium ethoxide forms an adrlitive compound 
witli the enol form of acetoacetic ester, which th(-n interacts with 
the beiizanilme ainl liberates the .sodium ethoxide. In this way 
, the enol form of acetoacetic ester is continuously removed from the 


Her., 1898 , 31 , 205 ; 1899 , 32 , 332 . 


Chem. i>>K. 1899 , 76 , 241 , 
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jplx're of iictioo .ind ki*to-eiiol conversion takes [ilace to re-estahlisli 
’(jiiihhrium 

The nitro-bodies. Victor Meyer first indicated the tautomeric 
latiire of iiitro-denvatives by isolating methyl nitrite, CHj .0 NO 
1 ) ]) - Hi"), and nitroraethaiie, ClljNOjj (b p i ]()“), by the mteiaction 
)f methyl iodide and silver or potassium nitrite Kolbe’s experiments 

111 the solubilities of various halogen-substituted nitro-bodies eoii- 
Itisively showed that solubility in alkali was conditioned by the 
pri'senie of a labile liydrogim atom Thus, all derivatnes of the type 

^CUNOj were soluble, whilst those of type ^('N()2 wm’c insoluble 

Hant/.sch and Scliiiltze,' showed that the two isomers in the casi' of 
[itieii)! nitromotliaiie could be transformed one into the other, eipii- 
libniim between the two forms being assumed to exist 

(;n, CH2 ch no oh 

IMi>ii\liiilriiiiii|liui( f Nlliiitiiliii IK 

i/i-Nitrotoluene is a stiong acid and an electrolvte, wtiilst phenyl- 
nitromethane is an oil and a non-eh'ctrolyte The diaiige of the oil 
into the conducting form is ac( derated by (he prcM-me of bases, whilst 
the reverse change is influmned by the addition of adds , in ahoholic 
solutions also the i/i-nitrotohiene, whidi can be jiredpitated in a piiie 
form from its sodium salt, is gradually transforiiied to the plieinlnitro- 
inethiuie form Similar results are obtained with nitromethane Thus, 
on the addition of baryta water to nitronietliane the period of time 
rei|Uired for the tautomeric c hange to (omplete itself witli formation of 
the bariiiiii salt exceeds lifteen minutes 

Hant/si h’s inxestigations on these lornis of lome isomerism 111 
pseudo-acids w’cie extended to the uitroln acids 

NO 11 N 

(Tl, ('. ^ CH, C ' 0 

'^NO, . "N 

0' 'M)H 

He was successful 111 isolating {by neutralisation with laustic .soda) the 
iiitd mediate toriiia “ 

N-OIT NO 

CHj.c/ \) and (TI3 c/ .0 

'"N ' 'N ' 

II 

0 

Tosl H,llt 

Lowry and E Armstrong'^ and Lowry'* have followed the tauto- 
meric changes of the isomeric iiitro- and 7:-bromonitrocamphor by 
' Bn , IS'M,. 29, 1, SI) , 189') 32 575 

^ Sif-aisi) HatU/nch’s iindtigations on ammonium liaaos, Her , 18'8I 32, ,'i94 , ltK)i1, 33, 
278 ' J ('»m *',H , 1903, 83. HU < /W , IStf) 75 335 
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A \V(‘ll-in\ (‘St (‘as(‘ (tf catalvtic iiiliiiciicf on fin* n)i;j;riilJon of 
an atom within the inoicciih* i-' to I"' foniiil in the eataKlU' (‘onvcrsion 
of .n ctoehloroaniliiic to y) clihdoari tanilnl'* . 

(’JI,,.N('l((’t),(’H,) .►('H’JI, Nll((’() ('ll,) 

'riic n'aetion is of iin|»or(anee in the eonsKhnatnin o1 tin* ((urstion of 
rcactivit N' of \arious agents with aniliins and anilides lilanKsma ' 
ineaMircd the \eloeity with w hn h this (haiijif oeeurs in |»rcscnee of 
h\'dro(ddorie acid, and slioweil that the nantion was a|(|)ar(‘ntly 
iinimoleeiilar Init tliat l)\ donhlni” tlie acid eoneciil lat ion the 
velocity e(tnstant ot the reaction was incieased lonrfold With sul- 
phuric acid it was impossihle to ohtain (oiistaney in tin* \ elocit y deter- 
ininations. liiyht was slnovn l(< fxtssess a marked acceleratm}; action. 

Orton “ and Orton and .lones'* showed in the course ol experiments 
on the interaction of \arious acids with (ddoroaniiin'.s that (dihu’ine 
could alwavs la* detected when h\dro(ddoric acid was present, hut not 
when one of the other acids was jn(‘S(‘nt This fact led on further 
invest if^at ion, to the ( onelusion that the reaction proceeiled in two 
Stages ■ 

(1) (Vf.NdAc i lid, 0,11, NiiAc , d,, 

(2) (VI^NliAc-i >(',iI,,dN}IA.h lid, 

the first reaction procoedinp slowly whilst the second leaction proceeded 
with great speed. 

The reaction, therefore, would he proportional to tin* eoiieent ration 

’ /W K Aknil Il’Oi'H'rrA. Aiii'‘lfri{am. 5. Its ‘IVI 
* I'nx liuy S(X . nwi;, 71. IM * J Chun. S,k , 95. 
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of tlip au'tocliloroanilldc and consequently of the first order as found 
by Bla(»ksin,a 

Acn'e and Johnson ^ assume, m explanation of tlie reaction mechan- 
ism, that a compound between the acetochloroammc and hydrochloiic 
acid IS burned which is dissociated, the undissociated fraction, however, 
being slowly changed over into j^-chloroacetanilide with simultaneous 
liluuatiou of free hydrochloric acid 

Kivett ^ suggested that the undissociated hydrochloric acid molecule 
plays the principal part in the formation of the intermediate eomiiouml 
and that the ions exert an accelerating mlliience on the reaction 
Kivett further investigated the action of neutral chlorides on tlu' 
change m presence of hydrochloric acid Tlu* usual accelerating 
intluence of neutral salts was observed, and could In* stated in the 
form of ail equation of the form 

K--(H(J);0 050 fn(H) + h(Cl') t '/(*'/')!. 

where «, b, and d an* specilic constants, dep(‘nd(*nt only on the nature 
of the particular ions present Ammomum chloride coiistituti'd an 
exre])tional case, the reaction at tin* outset in presi'iice of vaiying 
quantities of salt going much more slowly, at the end, however, with 
inneli greater rapiditv than in the pure ai id alone 

llanied and Seitz showisl that the “ neutral salt ” nedoii observed 
was m agieemeut with values aiitu ipated from tlu* ellei t of I he neutral 
salts on the avtivities ol the leacting urns Thev found that the 
reaitioii velocity uuild he dehned over wide v.iriatious iii eouceiitration 
liy the relationshij) 


where c^ is the ( oueeiilratioii of tin* ( hloroacetamlule cj,, cj^ tlie 
concentrations and aetivit} eoi'fluients of the livdrogeii and elilorine 
ions 111 the solution 

The cyanides. Attention may he directed to the somewh.it eom- 
jilex ease of the eyanide-isocyaiude taiitoniene siihstames It is well 
known that the production of either cyanide or ismvamde can lie 
conlTolled by utilising tlu* potassium or silver salt of liydrocvumc ai ul 
lor int(‘raction with an alkyl iodide, thus 

KCN ■ (Tl, CN 

CHjI 

AgCN CH3' NC 

\Vc may assume that the alkyl cyatmh's and isoiyanides themselves 
are tautomeric and that the production of cyanide by the u,se of the 
potassium salt is due to the necessity of heating tlu* reacting substanees, 
K(’N and CH3I, to a higher temperature than for the silver salt ^ It 

‘ lin.r Chem . 1907 3S Jtw 

^ ZeitiJi phi/iiLul i'hfiH , 1911, 82. ‘Jtll , tbul , l!ll,l, SS 11.1 , 

* J Amer Chevu Soc , 1922, 44, 14S4 ■* Wade. J Ckm doc , 1902, 81, 003 



Seems probalilc, however, that the dilTerence in the two r<‘actiona is 
.more fuiKlamenta]. 

Hydroeyanie acid itself prohublv possesses the structure H . (^ N, 
' 8inc(* it is easdy liydrolysed by alkalis, and both in refractive power anil 
physioloLMoal activity is more akin to the alkyl cyanides. All the 
metallic cyanides, however, resemble the alkyl isocyanides both in their 
’reactivity to form double ciunpounds and in their physiologn-al elTects. 
Ihus, we must regard the constitution of both silver and potassium 
salts as similar and of the form K.N ('and AgN ('. With Nef we 
m^y regard the formation of cyanide and isoeyanides as determined by 
the iiiihn'iiee of the difference in the electrical character of the metallic, 
ion and the formation of the .salts to take place through the mecluimsm 
of additive jirodiicts : 


K 

k 


. N ; (\ 


d'll. 


I 


j (’ll, 

Ag 

-vl 

4 

(MI, .NC. 


Thus pinassiiim must lx* rt'gard<'d as more elect ro-j>ositive than both 
(Ml, and (Ml,l, whilst siKer on this view is comparable with (MI,. 

Tile elements |iolassmin and ;il'. er. m tin* ionie form, conseijiiently 
exert .seh'ctive aition on aeeount of Ilnur dilferenees m electrical 
cliaraet eristics 


llAl'KMISATIoN AND M DTAKOTA'I’IO.N 

Racemisation. In .siveral velbknown e.xamph's of raeemisation of 
0))tieally active forms of compoiiinls certain catalysts aeeeh'raie the 
conversion and are freijuently utilised instead of the more usual method 
of elevating the temperature ; thus, although active tartaric acid when 
heati'd to 170" per s< is converted into tln5 raciunn and meso forms, 
conversion into the racemic form can be jirodin ed at a low'er temperature, 
by the addition of ahimminm oxhie. 

Active malic aiud is racemised by beating to id}' with water, 'i'hese 
changes are generally attributed to the elimination and hiibsequent 
addition of water, thus . 


('OOH 

1 

COOH 

1 

('0011 

I 
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1 

( H 

(Ml - Oil 

1 — > 
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(JOOH 
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('OOH 

A* tOe 
(iialie. 
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fuii)iiri< . 
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Lnifinc (a-(imuloi'a|jroic acid) and hvo,scyamino arc particularly 
scnmtivc to the ])rc'i('ncc of sniall ([uantitics of hydroxyl ions, and the 
latter conipoiind has been iitilisi'd for nu'asiirin<!; the strength of bases 
by following polarinietnially the rale of raciunivsal ion ' 

A similar result was obtained by Wren ^ in the racemisatioii of 
Mieii/oin by means of a trace of caustic jiotasli He was successful m 
isolating the interniediary eiiol form 

CfilL, cn Oil CJls coil C.Ho Cll oh 

I II I 

cji, CO cyii coH cjis CO 

Mltii/i)lii liuUui' 


In the examph‘s.( itcd abovi' attrition has been direr ted to the catalytic 
activit.y ol traces of alkali, and its activity has been attributed to the 
formation ol unstable intermediary compounds without any stress 
being laid on the function of the alkali during the jiiocessof optical 
inversion 

In the case of the so-called Walden inversion, however, where the 
catalyst functions in the (hemical reaction itself and not purely in a 
catalytic capaiitv, the inagmtiide and nature of the optical inversion 
IS not indepeiuleiil of the nature' of the added c,ital>st and chi'iiiiial 
rewtant but is grcsatl) inllui'ncc'cl bv it 

The Walden inversion. The' Walden inverMon was fust observed in 
a-hydroxy ai ids of the type KlClllClI CODll, and various suggestions 
were advancc'd m which an c-ssential pait, of thc‘ mechanism was 
assignc'd to tin' II, Oil. CO. or c'ven to two of these ladicals Since', 
howc'vei, I’lckaid and Keinoii * hav'c noted invciMou m .sc'c oiichiry 
alcohols, ('(/ t',,ll,JClllOll Cll ,, and l'hdip> '' Keiivon, and Turlc'y'’ 
obtained inveision in tin' coiuersioii ol compouinls of the t}pe 
XIIUC op -v- XHHC OQ, it is cli'ai that neither the carlioxyl 
group nor the x-hvdrogen )days an c-ssential |»art in tin' mc'c liaiiisin 
of mvc'ision acconijianving the change OH ->- Hi ->011 cir 
OH- ->(tl -vOll 

Kisclu'r,® W c'rnc'i ' and Pfc'itb'i ** siijiposed that the radicals eould 
push one another on tlie surface' ol a sphere of atrinity with tin' rc'sult 
that optic'al mversum may he hioiight about hv the mterchaiige of 
twc) racbeals, c c/ 


Pv Q i\ Q 1\ l\ Y 

;c' - "c: . 

K R R Q R' 

( 1 ) (in (iin (i\ ) 


' IliKlniaml Will Ihr \m 21 2777 
' I (’hfiii Sur. nm, 99, 47 
IM 1024 125 m 
■ Bn, lull, 44, SSI 


^ I (h,m .S«r, lUOO, 95 r>S4 
* / f km Soc 1'I2.\ 123, 11 
“ Oiwi/tn 1011 381 132 
" Inno/oi, lull, 383, 123 
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It is clear that only on<‘ radical, Q. in addition to X and Y, is 
involved in the change according to this view. 

Lowry, following (iadamerd suggests that ojitical inversion depends 
on the flattening of the group (ii ) when X is n'sunied. followed hy a 
restoration of the tetrahedral configuration when V is addeii to the other 
side of this residue. Jt is assumed that the Walden inversion is liinit('d 
to an exchang«' of anions, the asymmefnc carbon atom assuming 
momentarily the f(^rm of a cation. 

Aecitrding to tliis view th<‘ ju'oct'ss may be regarded as pursuing the 
following stages : 

C Q 

-V [‘ ('' u. 

U" X i . 

The planar ion ;('1*CK; is comparable to the ion NO,. CO.,, or 

,0 

('If.,- f' in basic b(*rvlluim aciUatc.- If fhe ion la'coim'.s free the 

0 

anion Y may be added to either sid<‘, and thus racemisalion ri'siilts: 

V i} 

! i‘ I di 

(’(,)< c 

I! I 

V 

If, on the other iiaml. new net/ative radicals X and V an' added to 
opposite sides of tile planar ion simultaneouslv, X then leaving the ( orn- 
]>le.x CPQliVX, the compound Cl'QIlY will b<- forimsi. when a change m 
configuration corresponding to a Walden inversion takes jilace. Kinally, 
the two negative radnals X and Y may be a<lded to the same sidi' 

Y’ 

X. /Q 

of the jilanar ion .simultaneously forming a complex. V -i'/ 

H 

Wlien X leaves the coni[)lex a normal substitution of Y’ for X w^ill liave 
taken place. 

Mutarotation. - Vi'ry .similar to these ehanges in optical activity on 
the addition of certain eataly.sts to organic substances containing an 
asymmetrie earboii atom in juxtaposition to an eleetro-negativi' group- 
ing such a.s the carboxvl grouji, is the India viour of eerlain sugars on 
standing in aijueou.s solution or in a slightly alkaline medium. 


V (' +Y 
U 


> (%m 7.nt, KllJ, 36. i:i27. 

* Hragg aT)(l Miirgan, Proc. /toy. Soc., 11123, 104, 437 



f’lie ' mkiM ^ m theory and ?ractici 5V' '-f os 

Parens and Tollena ^ tabulated the initial and final specific rotations 
of the, solutions of a number of natural sugars after being allowed to 
stand 111 an alkaline solution for some hours Eor example, d-glucose 
aiH lOd 2*" sinks to aj) hb2 t)' after a few hours and remains constant 
at that figure Xylose aj) f 78 0 ° sinks to a))+PJ 2 '", and rhaiiiuose 
O')) - rises to aj) \ 1“ 

Lobry de Briiyn** and V Eki'iistein^ noted the interconversioii of 
glucose, ni.innose, and fructose on the addition of a little alkali to one 


of the sugars 
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(/I'riKtdhi Mru(Ow 

Moirel and Belhus'* obtained similar results with guanidine, which is 
nearl) as strong a biisi* as caustic soda, but has the advantage of form- 
ing crystalline couipouiids with the sugars whuh mav thus be isolab'd 
These investigators obtained the tollowing values of the v'elonty 
eoellu lenls of each change at . 17 '' 


Obuosi' ^ 

MaiinOhC intermediate siilistaiue 

" Frnctose 

(O'*'-' 


'I'auret isolated three modifii atious of glucose itself a-glueose crjstal- 
lised Iroui cold solutions, a])S l(),T' , /i-glutose from hot Milutious, 
aj) -I i )2 a , and y-glm ose from hot alcohol, Xd c 22 O ' /i-Oluoose is m 
all probability a dvnaime isomer of the other varieties 

Both the formation of usomene glucoses and the conversion of 
glucose into isomeric sugars may be attributed to the addition of water 
followed by subseipient dehydration 

* Inmi/,)!, IS'Hl, 287, ItiO, ' «,r tm , l»H' 17, 1 ^ H<t , ISOj, 28, 3ll78 

‘ ./ (/iHH S.K , 1907, 91, toll) Compt nnJ . 189, j. 120, 1860 




The niutarotafioii is rutalysed both by hy<lrogor» as well as by 
hydroxyl ions, the velocity constant being expressible in the. form 

> . /ir=-tK)% i o-2r>8[rt) I ‘iTbqoiri, 

the measurements of Hudson.® 

A.s originally suggested by Euler,® we may regard glucose as an 
‘ » r^. cU., 1314. 

:* J. Amfr. Chnn S,^ , J»>7, 29 , 1572; Ztit^k phyninl ('km , 1903, 49 , 48T , ./. Amfr 
C3^ Sor., 1917, 39 , 370 . ibtd , 1919. 41 . 557. 

('„>• Sku^h. phytxkal (jhm., 1901, 36 , mi, 

iv:' ' 2 e 
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amphoteric substance jmssessinfi; both acid K„ and basic K), dissociation 
constants In aqiu'ous solutions at the isoelectric point defined by 



where /v is the dissociation constant of water, the reaction velocity of 
nnitarotation will b(> a minimum This minimum is found to be at 
Pj[-5 0 at ri2''’0, and since the direct det(‘rmination of the dis- 
sociation of the sodium fjlucosate yielded a v<ilue of A'„ at r)-2'' C 
---2 I 10"'\we find that the basic dissociation constant of glucose has 
a value of It) The leaction velocity constant can accord- 

ingly be ex])ressed in the form 

where ? and /, are the specilu reactivities of the gimose (ation 
and anion, and the reaction constant of the amphoteru glucose 
“ zwitter ion 


IlMamiCNVTION 

Several catalytic agents are employed loi ntrodiKiiig t* ' halogens 
into orfaiiK (ompounds, of which the most nil ysting is ^ iry ’ 
direct sunlight or exposure to various forms i Mcliant enc'' /e 
action of bright sunlight cm the halogenation ci, unsat' i ly 
carbons favours the formation of simple additive procli ' he 
bromination of ethylene or of aconitic ester 1 

('ll ('OOKt Cllitr COOKt 

(’IL ('Hdfr II I 

II -f Br 2 = I , (' COOEt -I Hr,- (J Hr COOEt 
t'llj CILHr I I 

(’14 (’OOEt CH., ('OOEt, 

or in the chlorination of benzene 

(y4i:ja--(’,HA> 

in is formed, but which is umstablc 

and rea-’^’^^’'^*’*’ fl'*' ccpiation 


■4 


(;ha-<^'6H/:i,+3IICI 


In I lie dark halogen atom for a Indrogen atom 

usually results , ,, . e i i i i . ' 

I ^ . attv aromatic hvclrocarbons and thcurderivativea, 

direct siM,I?u^r ^ ^ halogenation of the side chain and not the 

nucleus, a smuk^rrukTei! 
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at th(* boiling point. Substitutinn in iho nu<l(‘us rrsnit.s frond 
halogiMiation in tiio dark, as cwi'inphliotl in the follow inj; reactions : 

"> <'^3 in dilhised siiidijiht 

-v (’„H. . (MlBr . (''lI.jBr in lin^ht sinili^dit. 

Several elenieiit.s or their aiihydrons chlorides, the latter fref|uently 
formed in siln, likewi'^e aei (derate the jtroees.s of halojitenation to a 
niarke(l den^ree 

Iodine has liecn sueeessfidly tonployed for processes of chlorination 
and of hroininatjoii,^ Suhstitulion in the nm lens iisiiallv lesults when 
iodim* IS used as catalyst in the halofi[enalion of aromatic snhstanees. 
Its function as a haloe(*ti mirrier is prohahly ih'ptmdent on two factors - 
first, the formation of a monohalnh'. for ('xamiih' Kd or I Mr. whic h in 
virtue of its nnsymim-tncal cdiaraet<‘r. as opposed to Cl Cl or Br . Br. 
is capahle of reacting with nnsainraled Imk.iites ; s'-condl\', the power 
of oscillation of ill*' halides of mdine between the two stat^ccs of 
halo^'enation, 

ICIM'L B'l,. 

thus e\liil»itin;f a marked ease of earn*'!- action In a later cdiapter on 
the action of railiunt eiieri/v in |ir<ttiiotin|j; »diemiccd change tin' ftirlhc'r 
action of iodine m reinoviii}' th<‘ iieeative catalyst. oxvL'eii, from a 
system iinderooine; haloemation is emphasisi'd 

\’arious \arteties o| cdiarcoaP rapnllv elfect the c*inil)ination of 
hvdrcttzen ami (dilonne Diirme the last few \»‘ars w«»od i liarc'oal has 
been employed, as sUCL'ested i(\ Sc htel.’hii the preparation of the poison 
gas. ciirhonyl chhcricie. from * hl(*riiie and carbon nioiioKide. In this 
.synthesis it is interesting to note that hydrogen cdihiride is sawl to he a 
negative catalyst, and the preparation cif dry carhon immoxide on a 
large scale ollered at first coiisiclerahle tec linical dillicnities. which were 
finally overcome by burning charcoal in c»xygen and clilnting the* gas 
with carbon dioxicle m oich r to prevent nmliie elevation of the tenijiera- 
ture. Ethyl chloride also can b<* iirogressivcdv ami cpiantitat ively con ■ 
verted into liexai.liloroet ham* by cdihirination at Xit* in jiresence of 
blood charcoal 

Siiliihur and sulphni chloricle have been employed as catalysts for 
the chlcwination of acetic acid to yndd the monochloro-cienvattve.' 

IMiosphorus jientacdiloride generally undergcjes jiartial cir corn[)let.e 
conversion to the oxychloride when jirc'sent in the chlorination of 
aldehydes and ketones * 

’ Mull* I. Jiihrf'M)(r. CeV* ratrrl hiilhir, ISCl'J. p 411, Kraft. Ihr . IS77, 10. Kdl , Klacccion, 
\hul , 1SS7. 20. , Urun* r fiitci Dimka. Hull Ariul V( f'nirn'i, l!ie7. p 0‘.)l 

* I’citenv', (lazxfUn. 1H7S. 8. ‘jail. 

® JnhriAiif, (li<, V'tlffl Ktilhir, 18<>4. |i ;tO*I 

< .111(1 IW hal, Hull XV > hm , 2. 11.7 ; UmsaiK.ir. H>t , iHtcJ. 25. :»:{1 
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CH 


in the (‘ik’ct of acids on tlu* organic nitro-compounds, in the keto-pnol 
iHonunc siilistances, and also in the conversion of iinsatnratcd acids 
into rtj8-derivatives in the presence of acids, c tj 

U) 

ClI, CH 2 CII CH CHj coon ~> CH, CH, CH^ CH CH COOH, 

the tendency in this case being to increast' the reactivity or labile nature 
of the last hydrogen atom (j), which, as we have noted in the case of 
atomic groupings of high nuictivity, may react witli caustic soda or 
sodium ethoxidc* to form a 

CNa COOH 

derivative In the cases of conversion of ^y- and some yS- unsaturated 
acnls into the aj9-d(‘ri\atives, no secondary reai tion of this nature does 
m fact take jilace, since the reactivity of the labile hydrogmi is never 
siilliciently great The caustic soda is thus a purely cataluic agent 

'I’he same jihenomcnon can be noted in the case of but\! acetylene, 
C CH, which, wlum gently wanned, jiasses into (bnutliyl 
allyleiie, (Clld^C C CH,, whilst on tieatmcnt with metalli( sodium 
the nwc'ise change takes place 

The catalytic activity of a trace of iodine in the addition of chlorine 
to an iiiisatiirati'cl compound is readily int<lligible from tins point of 
view It IS at first sight ditln ult to s('e wliv I ('I slnuild be nion' 
reactive than Cl Cl, since the toimalioii of the lodoc hloiide is it.self an 
exothermic reaction 

The relative dilb'ieiii (‘S 111 the eleclio-[iositi\e and c lectio-neg.ilive 
nature oi the couplet Cl 1, howc'vei compensate for the loss of energy 
and peimil of a relatively higher leactivity 

CII, /H CM, 1! 

> C I iCl, > C (j 

I “ I 

CILCI CH,C1 

It would apjiear that the stability ot any organic compound is 
dependent on Us electronic iharactei and its svmmetr) \dditive 
agent,s only exert a catalytic activity when tht're is a tendemey to salt 
formation due to the above coiisidcwations , thus, the problem resolves 
it.self into a formulation of th<‘ intermediate compound theory in which 
the' stability of the intc'rmediate com]ioundb H goyernc'd by electronic 
flirces > 

The inherent ditticiilty m the develo[tment of this tiu'ory to ex[tlaiii 
both organic chemical reactions in geiic'ral and catalytic action in 
particular lic'S in the fact that we have no meati'i of measurement of 
the elc'ctro-positive or -m'gative nature of an atom or a grouping of 
atoms within a molecule , wc can merely state that halogens and abid 


CH,, Htve 1 

C 1 1 


CIL ve Cl 
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radicals are opposite in character to the hydrojfen atom and hydro- 
carbon radicals, wiiilst increasiiif' nnsaturation increases the acid or 
electro-negative character of a liydrocarlion micl-us. The measure- 
ment must naturally include two faetors, the absolute vahu' and the 
etTect of spatial arrangement on the electronic nature of neighbouring 
atoms. 



CHAPTER XV 

CATALYSIS IN ELKCTKO-CHKMISTRY 

Cathodic Reduction 

ELREwniiRE in tins book we luivi' noted the vaiiouH applications of 
catalytic substances to accelerate the reduction of ciTtain conipoiiiids 
111 lir|Uid media by means of {laseous hydrogen With the aid of tlui 
electric current we have a means at hand of generating hydrogen in 
mlu and can thus accomplish similar processes of reduction In spite 
of the higher cost of hydrogen jirodueed m this wu}', jiroe, esses of 
ePetrolytic reduction are becoming ineieasingly irn[H)rtaiit not only 
on account of the greater cleanliness ol the operations, but' also owing 
to the variety of products which can be obtained by a strict control 
of the reducing power of the hydiogen It is in this stnct control 
over the reducing jiower that the great merit of I'lectrolytic processes 
lies 

During the course of electrolytic rcdiiition, two ratalytic reartions 
are to be observed- first, the speuhe action of the cathode material 
on the course of reaction, and secondlv, the elTect of adding certain 
salts to till' electrolyte in which reduction is proceeding These two 
actions are frequently entirely distinct from one another, but m many 
cases mutual interference is so marked that distinction betw'een plieno* 
mcna occurring in the electrolyte and at the electrode surface w 
imjiosaible 

The spccijic actum of the cleclrode tnalenal- Since, m electrolytic 
reduction, the hydrogen is produced at the surface of the cathode 
exposed to the electrolyte, we should c^xpect that the course of the 
reactions jiroceedmg in the adherent film would affect the nature of 
products obtained by reduction Tina is actually found to be the case. 
Thus, m the electrolytic reduction of nitrobenzene, the cjuantity of the 
various products of reduction, mtrosobenzene, phenylhydroxylamme, 
araido-phenol, azoxybenzene, hydrazobenzene, benzidine, azobenzenc, 
and aniline, can be controlled at will by an alteration in the electrode 
‘ react icpis 

The jirimary electrode reaction, occurring at the cathode m the 
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pMbrcSysis of a dilute acid, is the discharge of liydrogcji ions with die ‘ 
^Beration of molecular hvdn>gen : 

‘ t ■ 

; 2Jr -->2Hr2€ -> H.,. 


^IliTien the molecular hydrogen evolved ami the hydrogen ions in 
‘solution are in dynamic <'quilihriuin, as found in an oxygen hydrogen 
cell with perfectly reversible electrodes, the cathodic jjotential of the 
electrode in the electrolyte is given by the general forimda di'veloix'd 
' by Nernst : 


•> F ^ 


H, 
11 ’ 


where is the Faraday eipiivalent (%,r»4()coulonil)s perVrani inoh'cide), 
n the valency of the discharged it)n (in this case /? - 1), lU and 11 the 
■partial jirossure and the ionic concentration of the hydrogen gas and 
'the hydrion in solution res[»ectively. 

It follows that for the steady libt'ratitui of catiiodie hydrogen from an 
electrolyte of nnehanging eomjtosition a miniinuni poltuilia! dideretiee 
'between eathodc and electrolyte must he apjihed, which cathodic 
.potential has an imjiortant inllm’nct' on the reducing |uiv\er of tlie 
ele<‘trolytie hydrogen. 

The investigations of {'asparid Mtiller.* .1. Tafel,-’ and Wilsinore'* 
have shown that tlie value of A', the cathode ]»olential (h'rivi'd friun 
Nernst ’s formula, is not independent of the nature of the electrode 
material, as is assumed when conditions of <lyiiarni(' e(|uilil)riiMii between 
thi* molecular, atoinie. and ionic liydrogeii at or in the ehstrode surface 
arc postulated. Such conditions of reversihility are onlv obtaint*d 
when platiiii.se<l platimnii is used as eathotle materia! and very low 
current densities are (‘iiiployed All oilier metals give* values for the 
cathode potential in excess of the <'al<ula1(‘d valu<‘ for E. In the 
‘following table are given the magnitudes of this exee.ss or over potcmtial 
[rj) required to elTect the lilxTation »»f inoh<-ular liydrog/'ii at. various 
surfaces : 


Mil.'il, 

o\a iioU ntliil 1 
m V.ilt ! 

Menu 

Ovi'r-i»(a<'iitliil 
111 V(»H.. 

Ug ■ 

.0 7s 1 

Ni . 

. 0 21 

Zn 

0 7U ' 

Ag . 

. 015 

J’b 

064 i 

Pt (bright) . 

. 0 00 

Sn 

O.'iil i 

Fe . 

. OOH 

o\ 

0 4K 

Au *. 

. 0’02 

Pd 

. 0 46 j 

Pt (plafjniw dj 

, 0 005 

('ll 

. o2:t 1 



Thus the transformation of hydrion into molecular hydrog»Mi rrxjulrca 

times as much energy as is ni'cessary at a jierb'ctly reversible 

d ' » ZeiUcJ,. jjit/nkal Vhm., 1S99, 92, .W * (%■»,., 1900, 1,^20. 

' » ZtU»ch. phy^kal. Chtm., 19U6, 60, 641. « IbuL, im, 36. 2tU. 
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electrodfi Eventually this excess energy reappears in the electrolyte 
as aihlilional heat, siiue no subsidiarv endotliertnie reactions have 
taken jilaec 

It is evident that the various metals exert marked catalytic 
activity 111 the transformation of ionic into molecular hydrogen 

211-^211-^11, 

Whilst th(‘ original suggestion of Helmholtz ’ that over-[Hitential was 
caused hy the ))resence of small hubbies pn’sent on the electrode 
sill face has received supjiort from investigators such as Moller'^ ami 
Ma( limes and Adler,'* it has been shown in numerous investigations 
that whilst the formation of bubbles wlmdi aflect the curieiit density 
by covenng up part of the electrode electndyte interface may cause 
slight lluftuatiohs in the over-iioteiitial, the phenomenon itself is due 
to th(‘ pressure of some elec tiomotivelv aitive form of licdiogni m 
the ('leitrode Aicordiug to New'beiv,'* tflasstoiie,''' and others this 
eleetrmnotively aitive form of hvdrogeii is pri'sent m the electiodc us 
a chemical (ompound in the loini of a hydriih- ol dehnite i hemic, al 
(omposition It is, however, (pieslioiiable wdiether tlu'se ludrides do 
aitually exist, and e\en if thev weie present whether their properties 
would be siuh as to bi' elei tromotndv .utive with a viitual solution 
pressure greater than foi gaseous ludrogen It is more than prob- 
able, as Tafel pointed out,'’ that, on the disdiarge of hydnons, the 
hydrogen atoms subse(|ucntlv icait to foim hydrogen molecules on the 
surface If tin' metal exerts a marked (at<d\tic <i(ti\ity tor the 
surlaee recombination of hydrogmi atoms, the c one cntiation of atoms 
on the suiface will at all times be low Tfiiis the o\ er-poteiiti.il, which 
IS a nieasuie id the (omentration of the de< tromotivi'lv hydiogen 
atoms on tlu' surface, will be small loi metals ((.Italy I a .illy .ictiyc) in 
piomotmg th(‘ union 

211 V II, 

This view III seyi'ral modihed forms h.is been supported by the experi- 
ments and (onsideratioiis ol Ham loft,' Hennet and Thompson,'* Huleal* 
and Wi'stiip,"* and others'* Metals yvith high over-yollages will 
possc.ss a high siiif.ice com entiation of bound hydrogmi .itonm when 
(urrent is llowing They will ha\(“ only a small temlemy to de^Mx late 
hydrogen molecules and yvill thus exiTt but a small catalytic actiyity 
for hydrogenation processes m whidi the .ntiyatioii of the hydrogen is 
necessary 

' riifnric dir \\ tmiit, |i tO'l ^ /.iilnh ji/u/Mt.r/ < linn I'Kl'J 65 i.’ti 

t ./ \m,r < him Siic l(ll‘) 41 , ,141, 14jO 42 144 

< (him Six 1411) 109 tOU t.Wl , 14.'.' 121 7 .1 Jwir I'liini Six’ I4.*n, 42 2(HI7 
Triim t'liriul Soi , 11114, 16. I2(i 

'■ lh,d 14J3, 123, 1715, JlL'b ® '/nln-h iihii-ihi! I him . I'Hdi 34 JaO 

‘ ./ iWi/iicrt/CAfm 1410 20.30(1 * Ihid lOll., 20, 

* J Iviir ( krill .Sue, I4_’(l, 43 41 / f him Sa , 14_’4 125 1112 

" ISonhiH'di r, Zi Uvf/i pki/idiil ( Atw , 1024, 113,100 
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If 0 b«' the surface concentrutioii of a<lsorl)eil hydroj^cn atoms, tlm* 
rate of formation of molecular hydroiien from the atoms will bo 


iL> 


- KiP 


The rate of formation of hydro^m atoms on the surfai'e will la' pro-^ 
jK)rtional to the current <lensi(y. (tr - l\ 'i where i is (he t urrent. 

When c<juilil)rium is established. 

A’ d"- A ' i 


"'x/i' 

Tile over-voltage ij is aceortling to this conception iletined b\' ( he surface 
concentration of adsorlx'd monatomic liy<lrogen. or 


where f'li the ele(‘t rolyt ic solution jiressure of tin* 
adsorlied hvdrogen, whence 


V 


in\ ('ll 
A' a- 




A'/’ 


log I 


monatomic 


in a solution of con>tant hydnon e<meentr.ition and constant electrode 
eleeirolvte Intel face 'fins e<pia1ion has lu'cn ftilly e.stabhslied by 
Tafel I ■ 

it wouhl prove of interest to iiH'asure the rale of de(‘ay of the 
hydrogen over-potential with the time m order to obtain a measure of 
the cat.llvtie ellicienev of the various iiietals, lor llonhoejlei ‘ has siniwu 
tliat in the case <d the <atal\tic decomposition of gaseous atomic 
hvtirogi'U the catalvtie, etlieiencies of various metals are in the onler 
antici[iati'd from this hvpothesiH as to the origin of the over potential. 

According to the ineasureinents of Knobel. ('ajilan. am! I'jiseman,” 
the limiting valm‘ for the over-voltages of all metals exci-pl gold, silver, 
and platinum h bA volt^ at high current dermities it is possible 

that under these eondil ions d 1 vvlience 


('ll , 

ij log l-.lvaiits. 

r ( M 

giving a value of dO.tKX) cals per grin. -atom for the free energy of tlie 
adsorbed hydrogen atoms in excess <d the ordinary hydrogen <-ler;trode 
datum as standard. 

The work of Haber lias indicated that the cathode, jiotential in 

1 fit [1.211. * Trnti'- Anitj EUkirnrhim iS<m' , IfU’H, 43, .*16, 

* Zrttyrf, Khkin/rlinn, iStW. 4, .'SHi ; ZnHfh pfnjMikol ('hnn . 1!M)0. 82, tT.'l, 271 , arul 
47, 2a:t 



\ llic‘*determinii)g factor in tlio reducing power of electrolytic hydrogent^ 
By careful adjustment of this value he was able to isolate a great 
variety of compounds by the simple reduction of nitrobenzene in acid 
and alkaline electrolytes, according to the following scheme 
VAL NO, 


-- ^(VlsN N(;h, 


(yi, NO ■ V’JUN -N cyr^ 

I t 

I 0 

(yi, Nil OH - -I 


cyi^ NH, C„H, NH flN C.ll, 

Utilising a 2 per cent caustic soda solution as electrolyte, Lob and 
Moon' obtained the following results 


Wi'itnKli'Miilorl.d j 


I’t, Ni ; 

I’l), iSii, Zii I 

('n I 

J 


Ov('r-Miltnt!(‘ Viha 


OllOjlf I 

0 H <» -W, 0 70 I 
0 1(1 ' 


A/owla'ii/onc 

Az<)l)eu/,cno 

Anilinn 


The production of aniline, however, jiroceeds most raiudly in an acid 
electrolyte using a lead or /me cathode ® 

Tk effect of (tijenh added to the clectioJyte- It will be noted that 
the ratalytie activity of copper in the reduction of tiitrohen/ene to 
aniline is somewhat anomalous in view of its rclati\cly small over- 
jiotcntial 

This jioint was nncstigateil in detail hy Chilesoti and Tafel,'* who 
notoil that metallic copper itself could rapidly etiect the, reduelioii of 
jilienylhjdrowlaminc to aniline with the formation of cupric ions m 
solution Thus, the copper electrode is functioning as a reducing 
agent, not only by reason of the liheration of hydrogen at the surface 
hut l)y actual solution and re-deposition of the metal 

Cu + 2'+3^±Cu" 

If ferrous salts be added to the eleetrol\te, a siimlar catalytic 
acti\ ity IS noticed ^ Thus, ferrous ions are oxidised to feme ions by 

' .Stc also 11 tiuldschiniat, Xolich Eleltrorhem, 1900, 1, 263, Xi'mil, ZritvJi ptii/itilal 
CAm 1904. 47. W, and Brimii. r. ihul SO 

• l/)l) /emh KlftirncAem 1898, 4 , 430 > Elbs CA»ii Zfit, 1893, 17, 209 , 

* /fiKi Klrhnchem , 19(U, 7, "tiS. AnUtA anmi CUm, 1902, 21, 289 

‘ EArnaii, J f 1912, 16. 219 



^^feon' oi the phenylhydroxylamiuo, whilst the ferric ions thu9 ' 
J,*|ormed are reduced at the cathode surface. In those eases wliere the 
^eathodic potential is not sufficiently high to deposit tlie ions of the 
lidded salt, it is evident that unless precautions be taken to separate 
Jtjaiholyte from anolyte a carrier action between anode and cathode 
f':may occur by which current may flow by means of tlie alternate 
•^oxidation and reduction of the polyvalent ion, thus : 

Fe- + ©:;±Fe-. 

. This species of carrier action is frequently observed in electro-chemical 
.processes, e.g. the presence of 0-1 ]>er cent of ferric salt, a very common 
impurity, in carnallite is sufficient to reduce the current efficiency in 
the production of magnesium by more than 20 pet cent. Carrier 
%ction is also frequently made use of in the electrolytic; deposition of 
metals when divided cells are employed for electrolysis. 

^ In the electro-deposition of co]))>cr, ferric sul})hatc is frequently 
. employed as a leaching agent for roasted copper ores. A solution of 
cuprous and ferrous sulphate is thus formed from wliich copper is 
deposited in the cathode compartment of a cell, the spemt liquor con- 
taining ferrous sulphate being returned through the anotle compartment, 
where it is rcoxidisod to the ferric state jcreliminary to tin; treatment 
of a fresh batch of ore. 

“i' Tafel’s experiments ^ on the electrolytic reduction of nitric acid to 
: ammonia at lead and co})f)(^r cathodes also indicate that copper c;x(;rts 
an anomalou.sly high reactivity ; iti this case clec^trolyficc recimition of 
nitric acid proceeds as far as hydroxylaniinc, whilst the second stage, 
in the reduction process i.s j)crformcd almost endrcly by the carrier 
action of the copper, (hi” (hi f2J\ A numlH*r of proeesscs have 
been devised for acceh‘ra(ing the jiroci'ss of <‘lec(.rolytic ri'diiction by 
V these means, primarily using suita!)l<‘ <*a(hode material to ohiain the 
requi.sile cathode polenlial, and .s*‘condarily to pronmte (lie carru'r 
,, .action between electrodr ami electrolyti' hy the addition of melallir 
powder or salts of polyvalrnl elements. 

.. For example, cop]»er or tin is used in the rlectrolylie reduction of 
0- or p-nitrntohicn<' to o- or p toiui<lm<',‘‘* zinc in thr preparation of 
‘’hyposulphites,''* mercury, vanadium, iron, or titanium in the electro- 
,‘?l^ic reduction of indigo, titanium being freipiently ii.s<‘d in the reduction 
of qiiinono to hydroquiuone. In addition to the phenomenon of 
'^hydrogen over-voltage at the edectrode and tin; possibility of ionic 
carrier action by partial solution and re-j)re<ipitation of flu' metallic 
‘/electrode, the metal itself may exert a .specific cat^alytic eflect in tlie 
^^duction process. It is reasonable to assume that, .since various 
l^vtiietals exert a catalytic influence on tlie rate of combination of the 

fil. * DH.R 117007/1 m 

» Sec Jdhnck, ZfUirJi. Kltilrochim., 101 1, 17 . IflT, and U U.K 1:10,767/11101'. / 
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discharged hydrogen, they may also affect the alternative reaction 
between the atomic hydrogmi and the depolanser 

Tima, the reduction of chlorates to cfilondes proceeds smoothly at 
an iron cathode, which is superior to platinised [ilatmiim in this respect 
We may regaid the catalytic activity of the iron to be evident in both 
the cathodic processes 

(a) The combination of atomic hydrogen to tlii' molecular state . 
2H ->H, 

(/>) The reduction of the chlorate ion by the atomic hydrogen 

2H-hCio'3 1 ir.ocio', i 2H - > cio' ■> (t 

In this lase the second proci'ss, the reduction ol the chlorate, is 
accelerated by Ihe iron, whilst, as shown by the o\er-potential value, 
the aei deration ol the ])ro(hietion of moh'iiilar hydrogen is distinctly 
inferior to that of platinised platinum 

The addition of colloidal materials to simple electrolytes as well as 
the use of com|)lev idectrolytes has marked eflecls on the nature of 
dejiosited metals and alloys , a discaission, however, of the mei hanisin 
by which the jihysico catalytic inllinmie of such additive agents on the 
rate of crystal growth in the deposited midals is elTeeted is somewhat 
beyond the province of this volume, and the reader is nderred to standard 
books on colloids and electro-chemistry foi the full discussion of this 
nutter 


Anodic Omda'iion 

In the discharge of anions smh as Oil' and the halogims at metal 
surfaces, the plienomenon of ovei-\oltage has also been observisl As 
a general mb' the over-potential values obtained at the anode are 
smaller than the eorrespoiidiiig cathodu values, or the catalytii ai tivity 
of the anode material is eoiiseipientlv higher 

The following values weie obtainisl by ('oidin and Osaka m acid 
solution/ and by Koersterin an alkaline electrolyte^ 
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Foerstcr assumes tlie phenomena of anodic over-voltage to be due 
' to the formation of an unstable oxide ; ^ in the case of platinum a solid 
solution of the oxide PtOg ^ in the metal is formed and a steady value 
for the over-potential is reached when e<piilibrium is established between 
oxide formation and decomposition. 

The magnitude of the over-potential value is thus, according to 
Foerstcr, determin(‘d by the stability of the peroxide. 

An application of the high anode over-potential value at a platinum 
surface is noted in the })reparation of hyj)ochlorit<>s from a mnitral 
aqueous solution of sodium chloride. The electrode ])otential of 
chlorine at one atmosphere in normal sodium chloride solution is about 
- 1’37 volts, whilst that of oxygen is only some -0aS2 volt. If it were 
not for the high over-potential value for oxygen rising to voltag(*s 
greater than - 1-46 volts under a high current density and with a cold 
electrolyte, the preferential liberation of chlorine would not: take jilace. 
The electrical efficiency of hypochlorite cells in which grajihite (‘lectrodes 
are substituted for the more expensive platinum is usually somewhat 
low, part of the loss being due to the fact that t in' o.xygen over-potential 
at a gra})hit(' anode is only sufficient to raise the electrodi^ potimtial for 
oxygen discharge about (i-Of) to 0*1 volt above that reipiired for the 
liberation of chlorine. Dony Henault ^ was able to effect tlie eh'ciroly tic 
oxidation of ethyl alcohol in sulphuric ai'id solutions either to acetalde- 
hyde or to acetic acid by a rigorous control of tin* anode jiotimtial, 

= volts in the former and IdU) volts in the latter case. 

The effect of (ujenis (aided lo the cleelndijle. -As in the cases of 
ch'ctrolytic reduction, the addition of catalytic salts to the anolytes 
with the view of increasing the rat(‘ of oxidation as well as tin' (dectrical 
efficiency of the proc(*ss has bern th(' subject of various investigations. 
Amongst the more imjiortant polyvahmt metallic salts which have beim 
used for this juirpose an* those of vanadium, uranium, thallium, 
manganese, chromium, cerium, and occasionally cojipi'r, as well as 
certain anions, such as the haluh's, csjiecially tin* fluoride ion. 

In the electrolytic oxidation of sulphuric acid, susjiensions of anthra- 
cene to anthraijuinoiK', cerium sulphate, or chromic acid arc usually 
employed as catalytic, agents : 

1 ii^Lo ^ ii11h112’ 

(V.,(S(),) -> (VfSfMo. 

Cerium sulphate ^ is much more active than chromic acid, and may be 
employed in a cell with no diaphragm ladweim anod<* ami cathode. 
With chromic acid, on the other hand, a divided cell must be. ernplwyed 
to prevent cathodic reduction of the chromic acid. Since the electrolytic 
regeneration of the chromic acid does not usually kee.}> pace with its 


^ ZeiCHck, phij/iilcnl. (.'hem , 69, 2illi , Zethch. Elrkirnchem., 10, .‘l.'ia. 

® Sec Gnibe, ihid , 16, 021. ’ ® Zcj/wA Klelctnyhem., I'.HX), 6, 53:i. 

* See IjC Blanc, Zeiluch. Elektrochan , 1900, 71, 290.3. 




reduction to chromium sulphate by means of tho anthracene,'’4h0' 
electrolyte containing the catalyst must be submitted to electrolyte 
oxidation from time to time 


In the preparatiQii of per-salts, such as persulphatcs, percarbonateg;* 
or perborates, the addition of a small quantity of a fluoride greatly 
enhances the yield ^ In this case, a high anode current density is' 
usually employed with a metal exhibiting a high over-potential value, 
for oxygen such as platinum , the function of the fluoride ion is un- 
doubtedly to assist m elevating the value of the anode potential owing 
to the high value of its discharge potential In the Plante process of 
forming the positive electrodes of lead accumulator jilates, the addition 
of small quantities of the chlorate ion considerably accelerates the rate 
of formation 

Manganese salts ^ are likewise' frequently employed to accelerate 
processes of electrolytic oxidation m organic compounds, such as tho 
conversion of aniline to quinoiie 

As in cases of electrolytic reduetion, the nature of the anode material 
has a considerable influence on the yield, apart from the value of the 
oxygen over-pot('nf.ial or the ('fleet of solution and re-preiipitation of 
the metal 

Brand and Ramsbottom ^ noted that the oxidation of maiigaiiates 
to permanganates procei'ded more eihciently at nickel eh'cerodes than 
at iron anodes, as suggi'sted hy Askenasy,** m spite of the lower oxygen 
over-potential of the former metal According to these investigators 
the mechanism of the oxidation is more conqilicated than a simple 
jirocess of ionic transfi'r 

Mn 0 /t:^Mn 04 ' + @, 

and it appears that the presence of oxygen or a snpeioxide as a catalytic 
agent is essential for a high electrical efficiency Muller and Seller ^ 
observed the specific catalytic action of lead peroxide anodes m the 
oxidation of chromic salts to bichromates, (V ' — > CrO/', a marked 
selective depolarising action of chromate solutions being obtained at 
tho jK'roxide electrode, whilst at the surface of a platinum anode the 
electrode-electrolytic potential difference was actually raised by the 
addition of chromates Lead peroxide anodes, according to Muller,® like- 
wise exert a catalytic action in the oxidation of lodates to periodates f 

i 03 '-->io; 

In various processes of electrolytic oxidation in organic chemistry 
lead peroxide anodes also .exert a marked sfiecific influence ThuSj 
p-nitrotolucne can only be oxidised to ji-mtrocrcsol at platinum anodes,' 

* Sec Muller anil Friedbirger, Znlvh Elekirochein , 1002, 8, 2S0 

M) 11 P 117120/1900 ’ J pr Vhm , 1010, 88, 336 

* ZfilKcA Ekklrochem, 1910, 16 . 170 Ibid, 1005, 11, 863 

' Zeiticli Ekklrochem, 1004, 10 , 61 
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^ H ' ' • ' _ ^ -i*, 

but with lead peroxide as anode material, in spite of the lower oxygen 
^ oyer-potential, an almost quantitative yield of p-nitrobenzoic acid may 
be obtained. 


Passivity 


According to Nernat we may attribute to all metals an I'leetrolytic 
solution pressure, characteristie of tin* element. Tlie differenco of 
potential existing between a metal of eleelTolytie solution pressure, Ep, 
immersed in a solution of n valent ions of eoneentration C, is, as we 
have noted in the case of the hydrogen electrode, derivi-d from a similar 
formula : 


nF ^ 


Ep 

O' 


It follows that when a certain definite anode electrolyte ditTi'rence of 
potential is exceeded, solution of tin* metal should occur, and likewise 
above a critical catholyte-cathodi' potential dilferenci^ preci|)itation of 
the metallic ions should take placi'. 

We have noticed that bot h hydrogen and oxygmi show ('xceptions, 
the magnitude of the excess or over-])otential above the theondical Ixnng 
dependent on the nature of the electro(h‘. Jt is ('xtn’inely jirobablo 
that similar cathodic oviT-potential jihenomena are to be found in the 
electro-deposition of metallic ions, but the magnitudes of these dis- 
crepancies are usually extremely small. In tin' case of anodic solution 
of the metals, on the other hand, over-potentials may fn'quently assume 
quite large values, indicating a casi* of retardation in the anodic process : 

M t (+) - -> i\l. 

The characteristic value of the electrolytii; potential of a metal in a 
solution containing its ions is gnsatly influenced by the jiresence of 
other eh'ctrolytes in the solution 

Cases of catalytic acceleration in the reaction M f (|-J -> M are 

extremely rare, although in the ca.se of the anodic solution of tungsten 
metal the addition of hydro.xyl ions appears to exi'rt a catalytic activity 
in this direction 

The inve.stigations of the more common cases of negativi; catalysis 
.in the reaction M -e f+) — >- M, re.sulting in an apparent reduction of the 
electrolytic solution pressure of tin; metal or an ennobling or pa.ssifica- 
tion of the element in the solution, are viiry extensive. Tin; me.chanism, 
however, by which jiassivity is brought about has not yet been 
thoroughly elucidated. 

Keir ^ first observed that iron which had been treated with nitric 
acid lost its property of jirecijiitating metals such as coppiT or silver 
from solutions of their .salts. Schiinbein obtained similar results with 

* ivw 37, rue, J8;{7, 63, 41 . 18.38, 43, 103. 
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electrolytic cell, - He like 
'/Wise introduced the term “ passivity”. In the same year Faraday' 
advanced the so-called oxide film theory of passivity Faraday sug 
gested that the passivity of a metal was essentially due to a surface 
oxidation process in which an invisible film o| oxide was formed on 
the surface by immersion in oxidising solutions or by electrolytic, 
processes 

Later investigations have shown that many other metals exhibit 
this jihenomonon, notably nickel, cobalt, chromium, [ilatinum, tungsten, 
and molybdenum, whilst nearly all the other metallic elements possess 
the property to a minor degree 

The work of Haber and Goldschmidt^ on anodic polarisation in 
alkaline solution, of Muller and Spjtzer on the anodie [lolarisation of 
oxide films of iron cobalt and nickel, of Krassa ^ on pas.sivity in strong 
alkalis, and of Grubc '' on the electrolytic oxidation of ferrocyanidcs at 
metallic anodes all lend considerable siipjiort to Faraday’s theory 

On the other hand Muller and Konigsberger ® could not detect any 
dillerenee in the reflecting powers of an active cathode and a passive 
anode, whilst if an anode film of even molecular dimensions had been 
present they stated that they would have been able to observe it 
Frcdenhagen pointed out’ that the oxide film theory appeared in- 
compatible with the fact that the anodic potential of active and passive 
metals could assume ajiparcntly stable intermediate values , whilst 
Finkelstcin * could find no evidence of an oxide film by measiin'ineiits 
of condenser capacity Although all these criticisms have been ably 
met by the defenders of the oxide film theory, yet the altinnativo 
theories of Fmkelstem and Le Jflanc have both received considerable 
support 

According to Fmkelstem** and Kruger i** the active and passive 
forms of the element are due to the jiresencc of modifications of diiferent 
valencies in the, electrode Experimental proof of tin* existence of 
these modifications is wanting, although Hittorf’^ noti'd that active 
chromium dissolved in the divalent form, whilst passive chromium 
only went into solution in the hexa valent condition 

Various investigators, on the other hand, have rejected the mechan- 
istic theory of Faraday and the allotrojiic view advanced by Finkelstcin, 
and have sought an explanation m the effect of catalytic acceleration 
and retardation of the primary anodic reaction * 

M-h@-^M— >M nHjjO, 

‘ Phil Mag , 18.10, 9, 53 ^ Zetlxh Ekkirochem , 1906, 12, 49 

^ iteilxh amrg ('hem, liMX), 60, .t21 iSco also Cohin, Proc K Akad Weltash Amt., 
'1914, 17, 680 

* Znlsch Kkkirnchem , 1909, 15, 490 * Idem 

* Ibtd , 1907, 13 O-IO ’ lind , 1909, IB, 440 

* Jbtd , 1909, 16. 490 * Ibid , 1907, 13, 659 

Ib\d , 1904, 10. 832 “ ZeilscA phyM Chem , 1900, 34, 396. . 



S propounded by Lo Blanc, ^ who sought a solution iti 

^ie.relative speeds with which the ions were removed from the metal 
lit^tlace by hydration : 

i ’■ 

'.; Activation of a metal would thus entail an acceleration of tlie process 
‘"of hydration. 

Sackur ^ rejected Le Blanc’s hypothesis of direct catalytic retarda- 
“tion of the primary anodic reaction and suggested that every metal, 

. being in equilibrium with the hydrion in the solution, must of necessity 
.'■contain some dissolved hydrogen : 

2M + 2H:^^2M + H.,, 

and passivity phenomena were caused by the slowness of the reaction 
between the dissolved hydrogen and the liberated anion, h'reden- 
hagen, Muthmann, and Fraueid)erger ^ attribute passivity .plienomena 
. to the slowness of the reaction betwe(*n the metal and tin* disc'Jiarged 
anions : 

4M + (>2 — > 2 M 2 O 4M + 20", 

which results in the accumulation of gaseous o.xygen in tlw ('leetrode. 

According to Foerster ^ all normal metals exist in tlie passive con- , 
dition and only become active in the |)resence of a catalyst, whence wo 
-obtain a direct stimulation of the ])rimary process of anodic- solution : 

M-hU)--- >iil. 

Evidence is given for assuming that molecular hydrogen is an active 
catalyst, whilst Grave ^ contends that the hydrogen ion is the primary 
catalyst in this reaction, since molecular hydrogen does not restore the 
activity to passive nu'tals. 

As a general rule, although intermediary values of the electrode 
potential between the active and the pa.ssiv(*. forms can be, obtaim^d 
and appear to lx; stable, yet actual tran.sition from active to passive 
form or vice versa can frer[muitly be accofnplislKid with grrvit rapidity, 
e.g. by touching pas.sified metals with active metal. Schonbein, 
Ostwald, and Fechiier noticed oscillations in both tin* gas discharge 
and the electromotive forcii of a cell formed of an act-ive and a passive 
Atrip of the same metal. The periodic character and the influence of 
.certain added electrolytes an; strongly reminiscent of Bredig’s experi- j 
"ments on the periodic decomposition of hydrogeii peroxide at a 

^ Zcxlsch. physihd. Chem , 1904, 48, 577 , 

® ZetUch. Ekklrmhtm., 1908, 14, «I2; hco also HaUr aii<l Z.iwaclzki, Zpttxch. phymkal , 
■■P&fim., 1911, 18. 228. , ' 

® ZtUMh. phjsxM. Chem., 190.3, 43, I ; 1908, 63, 1 ; Stlzumj.xhrr. K. Akwl AHwhe.n, ^ 
4904, 36, 201. 

* ■* Abh. d. Bumen. Oe^elhchaff, 1909, 2 ; Zeil.'tck. Klehrochem., 1910, 22, 85. 

V’ Zeitach. physikal. Chem., 1911, 71 , 573. 
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mercury surface and of the electrical pulsations obtained by Lewis 
with mercuric cyanide in a capillary electrometer ^ Ostwald, as has 
already been noted (p 389), obtained a similar periodic evolution of 
hydrogen in the anodic solution of chromium ^ It must be admitted 
that both the Sackur and the Fredenhagen-Muthmann hypotheses 
apjiear very like the Faraday theory in the guise of ionic nomenclature 
Consequently there remain only three theories of passivity which may 
be regarded as fundamentally different in idea 

(а) The passivity is due to the presence of oxygen in the electrode, 
as originally suggested by Faraday The oxygen may be present in 
solution as an alloy or as a compound , phenomena such as super- 
saturation accompanied by the sudden evolution of oxygen in the form 
of a gas film or liberation of an oxide as a se[)arate phase mav take 
])]ac(‘ under conditions which induce a higli degrte of passivity The 
oxide 01 oxygen alloy film apjiears to la* poious to the eh’ctrolyte or 
electrically conducting when formed under (oiiditions inducing a low 
passivity This view has received (onsiderable support by recent 
investigations on the passivity of metals in alcoholic elecliolytes ^ 

(б) Passivity is caused by the absence of a cataivst or tlu* presence 
of a lU'gative catalyst in the electrolyte inducing the ra]ud li)dration 
of the (iischaig(‘d metallic anions 

M t M, 

A rajiid ar cumulation of non-hydrated ions would thus take |)l<ice at 
the electrode surface, rc'sulting in an increased polarisation 

This view, oiigmally suggc*.stc*cl by Lc* Bl.inc, ciflers a ready inter- 
pretation of the cttc'ct of colloidal additive agents and of various alka- 
loids enhancing the jcassivity in solution The presence of oxidising 
agents is thus not iic*ci'S,‘,ary to produce the phc'iiomeuon of passivity 

It may be noted that active ])oly\alent mc'tals always dissolve in 
the form of the ions of lowc'st \ah‘ncy, and it mav be rc'asonahle to 
assume that such ions hycliate with a gieatei speed than thoM* ot higher 
valency, further, since a high degree of passivit) produced by the 
chemical polarisation of the unhydratc'cl ions is associatc'd with the 
presence of an electrical double layer due* to the charges on the ions 
bc*twc*en the c'leetrode and film of electrolyte in ]uxta[K)sition to it, we 
may jiostiilate that such a double lay it may act as a condenser during 
discharge, thus accounting for the oscillatory nature of the* rate of 
solution of jiasaive elcmients, as noted by Ostwalcl Although capacity 
measurements to prove the existence of a conclc*nsc‘r formed by such a 
double layer have yielded inconclusive rc'sults,'* it might be c'ogcntly 
urged that the eoiidenser plate in the liquid phase is extremely mobile 
and easily destroyed, thus preckiding any such measurement 

^ Farad Far , 1912 8, 220 ^ Zeituch phi/'^ilal Chrm . OHIO 36, 33 

* l/garjs(hfv, ./ Ans Fhij’) ('hem Foe, 1915,47, 13.17 
* Si'f Schiilzo, Zetlirh Kltktrachm , 1912, 18, 32() 
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(c) Passivity is the normal state of the elements, and activation is 
caused by the presence of a catalyst accelerating the velocity of the 
reaction : 

M 4 ® > ii 


According to Foerster molecular hydrogen is sucli a catalyst, hut more 
recent experiments have shown this view to be untenable. Grave's 
argument that the hydrogen ion is a s])ecific catalyst for 1 bis n'action is 
open to serious criticism. It gives no explanation for the passifying 
action of nitric acid or the increased activation in the ])reH(‘nc(' of halides, 
since the possible influema* of the anions is not ineludi'd in Grave’s 
hypothesis. 

Hittorf likewise noted that chromium nanlily bk'canie passive in 
hydriodic acid, an<l there, is no simple relationship bctwci'ii increasing 
activity and increasing liydrion conctmtration. 



CHAPTER XVr 


CATALYSIS BY RADIANT ENERGY 

The increasing study of the influence of the various forms of radiant 
em*rgy in tlie promotion of cliemical reaction is resulting in tlic accumu- 
lation of a considerable number of iirocesses m winch the catalytic 
phenomena are completely manifest They inav be cdiaractensed in 
general by the transformation of the radiant energy, most frequently 
from a higher to a lowei vilirational frequency, with a siiiiultarieous 
acceleration of reaction betwemi the initial constiiumits, to yield the 
same end-products which result at a lower rate from the manifestation 
of the ordinary cheniKal forces of the system when uninfluenced by 
radiant energy 


]’flOTOCATAL\TlC ReAITIONS 

Of such catalytic reactions, those induced by light may first be 
considered They comprise a most important subdivision of photo- 
chemical reactions, and from a study of several siidi pliotoiatalytic 
reactions much of the knowledge of photochemical phenomena has 
been derived It is necessary to make (juitc clear at the outset the 
criteria of true plioiocatalytic reactions, since, otherwise, considerable 
confusion may result, light reactions being frecj[uently complex and 
composite of several separate and distinct processes J’hotocatalyUC 
reactions, in common with all catalytic processes, will yield the same 
end-products as the reaction unassisted by the catalyst The photo-, 
catalyst, therefore, accelerates the promotion of the ordinary eqiiilibnuiQ 
of a reaction This criterion rules out a number of reactions which on , 
cursory examination might bo regarded as jihotocatalytic Thus thC ' 
ozonisation of oxygen at the ordmary temperature by ultra-violet light 
IS not a catalytic process* The reaction proceeds away from tlfe' 
chemical equilibrium at the glVen temperature The change is effecteii! 
at the expense of liglit energy which is converted into chemical energy*' 
an exact relation existing between the light energy absorbed and tW 
chemical energy produced In the dark also the ozonised ox^e^ 
decomposes again to oxygen, and the original state is quantitative!^. 
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feJ^ciieS after a finite interval of time. Similarly, the j)liotochemical 
^■^^rocesses occurring in all plant life are frequently .and wrongly assumed ; 
I'to be photocatalytic. Chlorophyll is not a catalyst of the processes of 
^'assimilation, since these arc in essence the reduction of carbon dioxide : 


a-COa f xHjO + light —> + J-Oa, 


V and at the ordinary temperature such a reaction is opjKised in direction 
‘ to that brought about by the operation of the ordinary chemical forces. 
Chlorophyll, therefore, must itself take part in the reaction. Not so, 
however, with certain other proces.«es. Thus, for exam[)le, hydrogen 
■ and chlorine combine in the dark to yield hydrogen chloride. If the 
original system be suitably illuminated, reaelion proceeds much more 
^rapidly to the same end-product. It will be shown* later that there is 
- frequently an absence of proportionality between tiu' light energy 
absorbed and the chemical energy produced ; that is to say, a small 
amount of light is capable of bringing to reaction considerabhi amounts 
of the initial system. 

Recently the term “photocatalysis” has been applied by Baly^ 
to reactions which are, in reality, eases of photosensilisation. They 
include the processes of carbohydrate synthesis discussed above and 
other reactions which are opposed to the normal free <’n(;rgy factors ; 
but they also include photosensitised spontaneous reactions, as, for 
example, the photodecomposition of nitrogen pentoxide. Tin; pure 
compound is not sensitive to blue light, but becomes so winm some 
nitrogen dioxide is present to absorb this blue light.^ Such sensitisa- 
tions of chemical reactions to light by admixture of light-adsorbing 
agents have been known for a long time. Their most imj)ortant use 
is in the sensitisation of photographic plates, by bathing these in a 
suitable dyc.^ They are of importance also in biological processes, 
since, as was shown by Tappeiner and Jodlbauer,^ bacteria can be 
rendered sensitive to illumination by treatment with lluorescent 
substances. Weigert showed also that in gaseous systems such 
photosensitisation could be produced.’'* I’hus })hosgene, which is a 
colourless gas absorbing in the ultra-violet only, can bo made sensitive 
to visible light by admixture of chlorine. This latter gas also sensitises, 
to visible light, the decomposition of ozone, the combination of hydrogen 
and oxygen and of sulphur dioxide and oxygen. It is eminently 
desirable to group all siicli processes under the general term “ photo- 
sensitisation ” rather than to call them, with Baly, cases of photo- 
catalysis. 

The hydrogen - chlorine combination.— Historically regarded* the 


^ Brii. Reports, “On Absorjition SjMXitra”; Italy, llcilbron, and Uarkcr, J. Chem, 

Soe., 1921, 119, 1025. 

* Danifls and Jolmston, J. Amcr. Chem. Roc., 1921, 43, 72. 

» Vogel, Ber., 1873, 6, 1305. 

* Die semibUmerende WirhungftmreJscierenderBubsUinzeti, Leipzig, 1907. 

^ ; ‘ Ann. Physik, 1907 (4), 24 , 65, 243. 
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interaction of hydrogen and chlorine 18 at once the most important of 
photochemical reactions in general and of photocatalytic reactions in 
particular The acceleration of combination of these gases due to light 
was observed as early as 1801 by Crmckshank^ The |)henomenon 
received further investigation from Cay-Lussac and Thenard,^ and 
from DaltonC who showed that the reaction could proceed with exjdosive 
violence A quantitative investigation was undertaken by Dra])er ^ 
and yielded a most important contribution to photochemical knowledge 
Thus Drajier enunciated, as a result of his investigations, Ins now well- 
known Law of Absorption, which may be expressed brielly in the 
statement that “ Only those light rays which are absorbed by a chemical 
systi'm aie photocheniKally active " This law had previously lieen 
stated, from a thedretical standpoint, by (Irotthiis in 1818 

Draper constructed an ajijiaratus for measuring the intensity of 
the absorbed rays, terming it a Thitoiiometer, whuh (unsisled siiiqily 
of a U-tub(' closed at one end and jiartially lilhal with a mixture of 
hydrogen and chlorine iditaiiied by electrolysis of hvdrochloric acid, 
the gases being stored over hydroehloric acid On illumiiialioii the 
gases combined to form hydrogen chloride, which dissolved iii the 
containing liquid, the alteration in level ol tlic inenisciis giving a 
measure of the light energy eonsuined In the classical researches of 
Bunsen and Roscoe,'* on the (jiiaiititative value of the liydiogen- 
chlonne reaction, the a]q)aratiis of Drajter was mijiroved The gns(>s 
were contained in a suitable vessel with jiarallel jihuic surfaces, and 
were stored over water saturated with the gas mixture Me<isiirement 
of the contraction occuning on solution of the hvdrogeii chloride 
formi'd by the reaction was made in a hoiuoiital < a|ullary with attai hed 
scale, the meniscus being formed by a thread ot watei The displace- 
ment ot the thread ol liquid was governed by the intensity of the 
illumination and the diameter of the capillary tube, so that by making 
this latter narrow a large displacement of the meniscus i oiild be etfected 
by even weak illumination A diagrammatic representation of a 
moditied form of Buiisen-Roscoe actinometer is given in Kig 24 ft 
was used by Burgess and (’hapman in the researches later to be detailed, 
and possesses, in addition, a lloat contrivance for registering small 
flurtiiations over long periods by means of a levi-r arm o[)eratiiig a 
pointer on smoked paper. 

The results of the Bunsen- Roseoe study may be summarised It 
was shown that the ordinary laws of optics were applicable to the 
light rays absorbed The reaction occurring was inversely proportional 
to the square of the distam'e from the source of illumination The 
laws of reflection and the B^e^- Lambert Law of Absorption were 

' NichoUon'^ Journal, 1801 (i ), 5, 2l)J - 1810 

* ^ew I'hemiral Pkilamphii 1811 

* I'krl Mag , 1841, 19, 10") , 1841 23 40l , 1811. 27, ,127 
Fogg Ann , 18, K, 96 . 1857. 100, 101 . 1850 y08 
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likewise applicable. The existence of an induction period, first noted ' 
by Cruickshank, and during which tlie gases increased in reactivity to 
a maximum, was exhaustively studied. Bunsen and Kosco<‘ showed 
that the sensitivity of the gases to liglit was extn'inely small in the 
early stages of passage through the “ actinonieter On continued 
passage, the sensitivity increase<l to a fairly rej)roducible ma.ximum, 
attained after three to six days' passage of gas. Tliey showed that it 
was necessary to remove air as (;om])letely as |)ossd)le, as tlu* presence 
of oxygen affected the sensitivity of the gas mixtun* enormously. Thus 
tlje presence of 0-5 per cent of oxyg(‘n low(*r(‘d the sensitivity in the 



ratio of 10 to 1. The induction ])eriod was shown to depend upon 
the dc})th of gas-layer illuminated. Also it was shown to hi; shorter 
if the light intensity was increased The hmgth of the induction period 
was governed also by the jircvious history of t he reacting gas mixturi*, 
being greatest with fresh gas and short if the gases had been previously ^ 
illuminated. 

. The phenomenon of induction has be.en frequently studied since the 
Work of Bunsen and Koscoe, and has led to a com[)let(i explanation. 
Ptingsheim ^ attributed the retarding action of oxygen to the formation 
of intermediately formed hypochlorous acid, but Mellor ^ showed tllis 
to be untenable, since neitlier CI. 2 O nor hypochlorous acid alfected the 
period of induction. The researches of Burgess and Cliajmian,^ and of 

1 Wxd. Ann., 1887 , 32 , 381 . * (‘hem. Sm., 19 (» 2 , 81 , 1293 . 

« Ihiil., 1908 , 89 , 1402 . 
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■'Chapman and MacMahon,^ ostablislicd conclusively the real causes’ of 
Oie induction penod These workers showed that the existence of a 
jieriod of retarded action was always conditioned by tlie presence of 
foreign substances already in the containing liquid or on the glass 
vessels or introduce^ through the taps It was not a function of 
oxygen content of the gas— this only retarded the reaction velocity, 
but did not affect the length of the induction period Even oxidising 
agents such as nitric acid, hydrogen peroxide, or [lotassiiim perman- 
ganate had no marked influence on the induction The slightest traces 
of ammonia, however, prolonged the induction period enormously, and, 
with very small amounts, the period was proportional to the amount 
})resent The compounds NCI 3 , NOCl, ClOj, and NOj similarly re- 
tarded reaction erionnoiisly, but, on the other hand, CljO and NjO were 
found to be innocuous, pointing to the operation of spi'citic chemical 
reaction with the hydrogen - chlorine mixture Similarly, organic 
nitrogmi compounds such as alhuinin acted liki- ammonia It Is 
evident, therefore, that in the early period of illumination of a hydrogen- 
chlorine mixture jiart of the light energy is coiisutiK'd m removal, by 
chlorination, of the impurities present in the reaetion vessel and that 
the constant maximum reaction velocity re^iresents a state of affairs 
in which th(‘ introduction and removal by chlorination of impurities 
has reached an I'qnilibnum eonditioii Obviously, also, if precautions 
be taken against lutroductum of impuritn's and those originally m , 
the containing vessel be reinoxed by iliummalioii of the reaction 
system, it follows that the induction period would no longer be observed. 
This was demonstrated by Burgess and (Jha})niaii m a simpl(‘ quartz- 
glass actmometer, and also by Bodenstein m a senes of researches 
later to be discussed In the absence of impuritios of the types 
mentioned, the induction jieriod eonipletoly disappears 

Baly and Barker have lecently claimed^ that eompk'te lemoval of 
impurities does not eliminate entirely the induction penod In their 
view, which will be amplified in the subsccjumit discussion, the hydrogen 
chloride produced 111 the process acts as a source of energy for the 
reaction of further molecules of hydrogen and chlorine As the 
quantity of hydrogen chloride produced per unit of time increases, the 
reaction should become faster and faster by increase in the transfer 6f 
such miergy to reactant molecules, a stationary state would be 
attained when an equilibrium is established between loss of energy by, 
radiation and transference to re,actaiit3 on tlie one hand, and encrggfv 
yield by illumination and reaction on the other It should be ent* 
phasised, however, by way of caution, that the presence of minute^; 
quantities of impurities m the Baly-Barker reaetion system would lead ' 
to experimental results of the type obtained by them, so that evidenc® si 
for the correctness of their viewpoint as to energy transfer from 
sultants to reactants should be obtained from other sources WeigeJ^T; 


IXK at, mOD, 97,845 
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||^9 suggested ^ that impurities may have influenced the Baly-Barker’ 
;"^3qj)eiimental results. 

Weigert and Kellerniann ^ Jiave decisively demonstrated by oxperi' 
Jtaeutal methods the existence of an induction pi^riod in tlie hydrogen- 
;;oyprme reaction— of much shorter duration, however, than iliose 
^ Ijreviously discovered. The liydrogen chloride produced on illiimina- 
Jtion from a momentary intense spark is not j^roduced instanlain'ou.sly, 
but in an after-effect occurring a])proximate]y , „ second aftiT illumina- 
tion. The purer the gas mixture tlie largc^r the duratio!i of the ufter- 
;p|fect. For such an ctTect to be observed it is evidently necessary that 

■ a^.hydrogen-chlorine mixture be illuminat('d, since Bodetistein and 
, Taylor 3 showed that chlorine, mixed with hydrogen , st'eond after 

illumination of the chlorine, had quite lost its reactivity. 'Phis was 
-4so found by Vollmer^ for a somewhat longer time interval Ix'twi'cn 
illumination of the chlorine and admixture with the hydrogen. 

Kinetics,— In the investigations of Chapman and his co- workers, 
-'%8 in most of the later work on the hydrogcn-chlorim* reliction, the 
^technique of Bunsen and Ko.scoe has bi'on followed. The limitations 
of the actinometer for purposes of investigation are marked. Bodenstidn 
and Dux,** however, by the einjiloynnmt of an ingenious method of 
measurement of reaction velocity, contributed mat(‘rially to the solution 
of this jiroblem. These, workers ada})t.cd a method of measurement 
^which eliminated the necessity of employing wati'r as absorbmit for 
the hydrochloric acid formed. Instead, the jirogre.ss of th(> ri'iudion 
under illumination was followed by freezing out with li(|uid air the 
residual chlorine and the hydrogen chloride fornn'd during e.xposiire 
tP light, the partial pressure of the unused hydrogen being tinui measured 
' at temperatures determined by means of an oxygen thermoiiH'ter. In 
this manner the photochemical combination of hydrogen and chlorine 
in varying molecular proportions, and with varialile coiuarntrations of 
oxygen, hydrogen chloride, and water vapour, was exhaustively stiidiial. 
It was thus established that : 

(1) The combination of hydrogen and cliloriiu' under the influence 
. of light is a reaction of Ihe second order, the velocity being proportional 

■ to the square of the cbloriiH* concentration, llydrogim is without 
influence so long as it is presmit to the extent of at least one-ejuarter 

.jof the volume of chlorine. At smaller hydrogem concAmtrations the 
-velocity decreases slightly. 

(2) The hydrochloric acid formed is without influence on tlu' V(*locity. 


Zeitsch. phijaikal. Chm., lU2.'t 106, 428, See also MarKlmll, J. Vhysic<d ('hem, 

1463 . 

^ • SUzungaber. jrreusf>. Akad , 1922, 315; Zeilarh. Ekktrochcm , 1922, 28, 4.')0 ; ZeilJtch. 

^:'pHyaikal, Chem., 1923, 107, 1. 

• Zeitach. Ekkirochem., 1916, 22, 202. •• Zeifisch. Ekktrochfm., 1914, 20, 494. 

4’^ ; Chapman and Jlurgeas, loc. cil. ; Clmjmian and MaeMalion, J. Chern, »S'oc,, 1{K)9, 95, 1,35, 
Chapman and Underhill, ihd., 1913, 103, 496. 

* ^‘ ZeUsch, phyaikal, (Jhem., 1913, 86, 297. 
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(3) Water vapour within certain limits (0'004'2-3 mm ) is also 
without influence 

(4) Oxygim retards the reaction m such a way that the velocity, at 
all staf^i'S of the combination, is inversely proportional to the con- 
centration of oxygen 

It IS obvious that the equation of the reaction of the system may 
therefore be represented by the expn'ssion 

d\2W\]_W 

\lt '■()., ’ 

where the quantities in liraikets denote eoiicenliations of gases, Tq the 
light absorbed, put proportional to reaction late iii agieement with 
liunsim and Rotcoe, I the leaction time 

(diapraan and Winston ^ disjuite the conclusions of Rodenstein and 
Dux and ascribe their results to the operation of inhibitors in the 
reaftion system A recent study of the k'lnetics by M (' (' (diapman ■ 
leads to the following conclusions 

(1 ) The late of combination of the hydrogen and chlorm(>, in mixtures 
of electrolytic hydrogen and chlorine and oxygen, is nearly independimt 
of the jiresHiin* of the gas 

(2) fn mixtures in wlmh the concentrations of the hydrogen and 
the oxygen are kept constant, the rate of combination is 

((f) l’ro])ortional to the first power of the conceiitratiori of the 
chlorine when the jiroportion of hydiogen is hiiiall , 

(h) Proportional to a jiower of the ( oiicentiation of the chlorine 
between the lir.st and the second when a moderate proportion 
of hydiogen is presimt , 

(c) I’roporlional to the sipiare of the concentiatum of the chlorine 
when the pro|iortion ot chlorine is small and that of the 
hydrogen laigi' 

(3) In mixtures m which the concentrations of the chlorme and 
oxygen are kcqit constant, the rate of combination is 

((f) Proportional to the concentration of the hydrogen when the 
proportion of hydrogen is small , 

(h) Inversely proportional to a power of the concentration of the 
hydrogfm, which is rather less than 1-2 when thi' jiro- 
portioiis of hydrogen and chlorine are moderate , 

(c) Inversi'ly proportional to a ])ower of the concentration of the 
hydrogen, which is rather less than 1 when the proportion 

• of chlorme is small 

(4) The rate of combination is independent of the concentration of 
the oxygen in mixtures in which the concentration of the hydrogen is 
very small , for all other mixtures it is inversely proportional to the 


J Chem Soc , 1919, US. 1264 
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concentration of the oxygen. The results can be summarised by the 
formula 

\U ^arH^”l().;i + [CU]- 

It is also concluded that the observed inliibitive elTects of oxygen and 
of hydrogen are not -as has been hitherto assumed -due to the direct 
and independent action of these gases, but to the joint ag('nev of botli. 

The absence of influence of water vajiour within the limits above 
mentioned docs not extend to extremely dry gases. Baker ‘ and, 
later, Mellor and Russell‘S showed that iiydrogcn and chlorine, when 
thoroughly dried over phosphorus |)entoxide, only slowly react ('d in 
bright sunlight. There was a ])ossibility that, in thesi' experiments, 
long drying over ))hos})horus ])entoxide might hav(‘ iigrodma'd some 
inhibitors, c.i;., oxygen into tluj reaction system, which would account 
for the retardation observed. This possibility has beim eliminated by 
^^ccnt work of Tramm,'^ who, using modern low temperature techniipie 
for the drying of gasc's by liipuduction and fractional distillation, 
showed that a hydrogen-chlorine mixture so dried was inactive photo- 
chemically. The introduction of a. small amount of water vaj)our madt' 
a mixture so dried normally jihotosimsitive. The inert lU'ss of dried 
hydrogen-chlorine rni.xtun' is conlined, however, to the visible and 
near ultra-violet region of the spectrum, (hehn and .luiig have ri'cmit ly 
shown ^ that a dry mi.xture, (piitc' inert to daylight for twenty days or 
to illumination for forty minuti'S at lb (“in. distanc(‘, from a lOO-candle- 
power osram lamp, is (piantitativelv convi'rted to hydrogen chloride 
when exposed for twdve minutes at 20 cm distance' from a fpiartY. 
mercury vapour lam[). A sen'en of uviol glass, who.sc^ transmission 
extends to 2540 A., was suflicient to proO'c.t the reaction mixture in a 
quartz tube from reaction. It is ('vuh'Jit, tlu'reforc, that the wave- 
length active in causing the combination of a dri(*d hydrogi'ii-chlorine 
mixture lies betwt'cn 2200 and 2540 A 

£^/?w/c/(C,s“.-- The n'action is one which shows larg(' deviation from 
the Einstein law of photochemical e(juivalence. Bod('nst('in eah'ulated 
that in his most sensitive gas mixtures as many as lO^ molecuh's of 
chlorine react for every (juantum of light energy absorbed The' work 
of Baly and Barkc'r, already citt'd, indieaO's that the, deviations from 
.Einstein’s law" become more ]>ronoiinc('d the greaO'r tin' intensity of 
illumination, since they found that the maximum reaction velocity 
increased more raj lidly than the intensity of illumination. Marshall'^ 
has recently shown that the quantum yield decr(‘as('s enormously at 
pressures below" b cm. 

The disproportionality l>etwe(m cheraieal energy and light energy 

» ('hem. ,sv.. 18114, 65, 611. ^ Uml , 81, 1270. 

» '/mtvh physxM. ('hem.. 102;», 105. S-IC * Jhr. 1020. 56, 600. 

® J. Phymcal (’hem., 102.5. 29, 14.53, 
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i IS confirmed by investigations of Taylor 'on tbe ibtef&ction 
of hydrogen and chlorine under the influence of «-particles, anij by 
investigations of’Le Blanc and Vollmer^ on the same reaction under 
the influence of Kontgen rays In each of those cases chlorine to the 
extent of 10* molecules or more is brought into combmatioi^ by 
every pair of ions produced m the reaction system by either type of 
radiation 

Theorici of me-chamsm —Any satisfactory theory of the mechamsra 
of tlie hydrogen-chlorine combination must supply an explanation for' 
a variety of phenomena Of these the principal are the induction 
period of Weigert and Kellennann, the inhibitory influence of oxygen, 
the necessity for water vapour in illiimmatioii by visible light, the 
smisitivity to ultra-violet light in the absence of water vapour, the 
abnormal ratio of reactant moleiailes to absorbed energy The order 
ot the reaction as to chlorine is important, but, as aln'-ady emphasised, 
the experimental evidence on tins point is not unequivocal The ' 
attempts at a sat.isfa('tory theory of mechamsin arc legion Only tKe 
more recent can be considered 


As the outcome of the Bodeiistem-Dux investigation, Rodenstein 
suggested a reaction mechanism involving a jihotoolectric effect on the 
clilorine as a primary jirocess The electron thereby expelled became 
the catalyst m a senes of processes which may be indicated in the 
cipiations 


(1 ) Olo + light energy = Cl^ ' f (■), 

(2) Cl“ + b) = a2 / 

(3) C'V -hll, ^-211(1 + 0 


A succession of reactions (2) and (3) involving alternate capture and 
reh'ase by reaction of an electron would have accounted for the high 
yield ])er unit of absorbed energy Bodenstoin also showed that it 
was in accord with his kinetic equation Failure to detect ionisation 
111 illuminated ehlonne^ led Boileiistoin, in spite of the evidence 
already cited concerning the action of a-particles and Kontgen rays, to 
adopt a reaction mechanism based upon the transfer of energy from 
energy-rich hvdrogon chlondi' molecules to either chlorine or oxygen 
molecules, but not to hydrogen or nitrogen molecules Bodenstein 
saw in tbe ultra-violet absorption spectra ot these gases justification for 
this view His new formulation * of the reaction mechanism is embodied 
m tbe following set of equations 

Clad- light t Ha -21101(0 

> / Amer Ohrm Xoc , Iftl'), 37, 24 , 1910, .18, 280 
, ^ ZfifofA EMtrochem, 1914 20,494 

^ ^ Thomson, Proc Camh Phi Soe , 1901, 11, 901 , U- Bliinc iiinl Vollmer, Zntxk 

very ^ 1914 ^ 20 , 494 , Kummell, Zeitscli Ekklmhm , 1911, 17, 49t) 

* Zalsch Eltlclrochem , 191b, 22, 53 
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M^cates tbA^ tlie molecule is possessed of an abnotmally Iiigh ' 
Js^rgy content. T^e loss of this energy is assumed to occur as follows : 

HCl(&) = HCl. . . (Constant ^A*3), 

HCl(6) + 02= H(’l + 0 .,( 6 ) (Constant - k^), 

02(6) = 02, 

HCl(6) + Clg = IICl + i\{h) (Constant - krj, 

Cl2(i) = Cl2 . . . (Constant--/*-), 

Cl2(&) + Il2'=2HCl(6) . ((Wtant=^/*j,). 

■ The 2 HCl( 6 ) can then rcj)eat one, or other of the precedmg changes. 
,^he kinetic interpretation of these equations leads to tin', fullowing set 
of reaction velocity equations : 

_ ‘(I = y 2 H('i((,)| + ki HCi(;,))| (),] |. t-iwvKh) ||(\|, 




J’rom these equations tlte measured reaction velocity e(juation may he 
• deduced if kg be extremely larg<;-- which is sugg(*sted by the small 
influence of hydrogen— and yields 

^ _4n2l 

<h "/’a + Z^/O.^j 


.which is in agreement with the experimental results of Bodenstein and 
Dux provided kg is small compared with /•^Og. Th<' presence of kg, 
the constant for em^rgy loss from activat<*d cldorim', ])revents the 
equation for the velocity from becoming infinite at zero oxygen eon- 
* ^oentration. We shall sec in later s(;ctions that there is a <lefiiiite trend 
' of opinion recently towards some type of energy transfer of the type 
.^iierein assumed. This represents an early eifort to link up such a 
mechanism with the kinetic studies. 

: ' Chapman and Whiston assume, that the radiation absorbed by 

{‘ichlorine c^n be lost by im])act with oxygen molecules ; but, when the 
:-'^reasure of hydrogen exceeds I 5 cm., and possibly at lower pressures, 
T,;'»llpOfit all the active molecules of chlorine - the concentration of which 
|,;3^;jjependent on the oxygen concentration— combine with hydrogen! 
I ;^;®ey derive an equation 

/arid ycy 

dt ibj+4H,i’ 
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which is in agreement with their expenmental measureipents, since 
is of small magnitude, being an expression of Chapman and Underhill’s 
observation thal; hydrogen is a weak inhibitor This equation oilers 
no solution, however, for the abnormal photochemical yield of the 
process 

D L and M’ C C Chapman^ conclude that active chlorine is not 
deactivat(‘d by oxygen alone, but by the joint agency of hydrogen and 
oxygen They suppose that the active energy is shared between the 
oxygen and the chlorine, and the hydrogen can rapidly remove it from 
the oxygen They state that the simplest hypothesis is that the active 
oxygen eombim^s with hydrogen to produce water, the active energy 
being simultaneously degraded Their hyjiothesis of the combination 
of hydrogen and active dilorine implies that the degradation of energy 
wdiich oc(,urs when hydrogen combines with active chlorine is irngligible, 
Till' abnormal yield of the hydrogen-chlorine reaction led Nernst to 
])ro[)os(‘ ^ a mc’chaiusm in which the jinmary photochemical process was 
assumed to be a sjilitting of a chlorine moleciih' into atoms This 
])rimary process was then assumed to be succeeded by a chain of 
reactions ricsiilting in the abnormal yield In agreement with the 
observations of Stern and \'ollmer, already disciissi'd, we may write 
the primary process as occurring through the energy-iicli chlorine 
moleciih' i\l), thus 

‘2C1 

Till' chain reactions wliuh succeed this elementary process are, 
accoiding to Nernst 

(Ullo-IKT til, 

i[t(’i;-ii('nri 

Nernst showed, by tliermodynaniic reasoning, that both of these 
reactions are acconi[)anie(l by free energy decrease, and therefore can 
occur 8])ontaiieousIy They therefore give use to a chain of reactions 
resulting in hydrogen chloride formation, which si'cpicnce is only 
sto]i])('d by removal of the active atoms by collision with each other or 
by reaction with oxygen or other inhibitor 

Tins reasoning suggested that, were a suitable aecejitor for chlorine 
atoms jircscnt, no cliam reactions would ensue and the law of the 
photochemical eqiiiyalont would be fulhlled This was realised in 
Nernst’s laboratory, the action of chlorine on trichlorbrommethane 
being shown by Noddack* to be photosensitive and obeying the 
oijuivaleiit law The action of bromine on hexahydrobenzene was, in 
the course of the same investigations, shown by Pusch^ to be m 
agreement with the Kinsteiii law 

Coehii’s interpretation of the chain leactioiis is a modification of 


' / Chvm Koc, l<)il. 123. MI7<) 

^ z,>ilfrh hMlrvrhun , 11121, 27, S.'j!) 


^ Ziilsch Khkimhn ,, . 1!I18, 24, 3% 
* Znliieh KleUroehm , 1918, 24, 337 
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. If Ernst’s, to take account of the different sensitivities of the dried 
leases to visible and ultra-violet light. Weigert^ objects to Coehn’s 
chain mechanism for the moist gases, since it involvf's watc^r molecules 
in the, chain mechanism and therefore in the yi(‘bl of the process and 
the "reaction velocity. The data of Bodcnstein aivl Dux as to the 
absence of effect of water vapour between wide limits contradicts this. 
Weigert therefore assumes wat(‘r to be a component of tlie primary 
photochemical system, which must be a mixture of the gases in agree- 
ment with the observations of Bodenstt'in and Taylor and of V^ollmer, 
Weigert therefore assum<‘s, in agreement with an earlicu' })roposal of 
Mellor,“ that, for the primary process, chlorine, hydrogen, and water 
vapour must be present, forming a light sensitive system. The 
primary process is then, according to Widgcrt, an inn^T plioloohudric 
effect between a hydrogem and a chlorine molecule leailmg to tlie 
formation of gas ions, thus : 

. \ i-d., , 

, which is then followed by 

11, +a--iici+ir t d, 


211 - 11 ,; 


Il + d-dld 
2d-(T. 


or tlje Nernst chain meehanism 


Weigert assumes tliat the wati'.r vapour intensities this etfeet by formitig 
adsorption com))lexes with the other two gasns, bringing the liydrogeu 
and chlorin(' molecules into clo.scr proxitnity. With respc'ct. to the 
inner photoeleetrie ethrt. it is aj)parent that the light must aetivat(“, the 
hydrogen in some way. WeigCit points out that, althongli liydrogeu 
of itself absorbs only in th(‘ extreme ultra- violets a mohieide in the 
immediate neighbourhood of a ehlorim* molecule with a. lurgi' elerdron 
affinity may be made to yield an electron by a h'sser quantum, whose 
magnitude is smaller the neariT tin- two moh'cuh's are.'^ 

♦ Baly and Barker's explanation of the abnormal yield is jiractieally 
identical wit h that of Bodcnstein already cited. They assume, however, 
transference of energy from energy-rhdi hydrogen chloride molecules to 
hydrogen as well as to chlorine. This is not in accord with the kinetic 
studies, which show that the reaction rate is iiuh'pe.ndeiit of the 
hydrogen concentration over consiilerable ranges. 

Experimental confirmation of the Nernst chain nu'chanism was 
jsought by Bodcnstein in some recent work ridativc to the jiermeability 
of iron to hydrogen. The. hydrogen diffuses through the metal in the, 
atomic condition, Bodcnstein atteiiijited to initiate tlie hyflrogop- 
Ohloriiie reaction by trying to release hydrogen atoms from the iron 
iBto the gaseous systi'iu. The rxperiments gave lU'gative results ; 

; 1 ZeiUch. phjsikd Vhom., 1923, 106, 420. 

■■ » J. Chew. Soe., 1902. 81, 1293. » <'f. also Ludlani, Phil. Mn(f , 1912, 23, 757. 

; ' ♦ J. Vhm. Soc., 1921, 119, 653. ® ZeUsch. Ekktrockcw., 1922, 28, 517. 

2o 
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thiR should have l>een expected, since it is generally accepted, as a 
result of the experimental work of Langmuir, that hydrogen never 
leaves a metal surface m the atomic condition Definite proof that one 
step in the Nernst chain mechanism actually can occur has been recently 
obtami'd by Marsjiall and Taylor ^ They have shown that hydrogen 
atoms, jiroduced by R W Wood’s method,^ the passage of a high- 
tension jiowerfiil discharge (25,(X)0 volts, 0 12 aiii}) ) through hydrogen 
at low ])artial pressures, when led into umllummated chlorine, give 
measurable (juantitics of hydrogen chloride More icccnt measure- 
ments with varying hydrogen pressure have led ilarshall to the con- 
clusion ^ that the exjierimeiital results with hydrogen atoms are more 
in accord with the concept of energy-rich chlorine molecules 

Further phgtocatalytic halogenations. The acceb'riiting action of 
light is demonstrable m many other processes of halogenation Thus 
the combination of carbon monoMde, of sulphur dioxide, of saturated, 
iinsaturated, and aromatK! hydrocarbons, of organic acids, such 
acetic acid, with chlorin(‘ and the othei halogens, may all be stimulated 
by illumination, and tin* study of such actions has mcieased the material 
at the disposal of the theoretical iiuestigatoi and has contiibuted to 
[losBible technical develo|)ment 

The photocatalytie eombination of carbon monoxide and chlorine 
was first observed by Davy ^ and studied ((uantifatively by Dyson and 
Harden,^ by Wildcrmann,*’ by Weigeit," and by f'liapman and (lee ^ 
The reaetion is mm li less sensitive to light than the hydrogen -chlonnc 
combination, .strong illiiminatioii causing but weak leactum Oxygen 
also inhibits the leactioii, and, as was shown by Oliapman and Geo, in 
a remarkabh' way The fiist additions ot oxygen have a strongly 
inhibitive efiect, whidi deiiea.ses with furtliei additions, so that with 
half an atmosphere of owgen the reaction is but little .slower than m 
])resence (d one-iiuaitei ol an atmos|ihei(' The sensitivity, /S', could bo 
expressi'd by an ('([nation 


where A .ind B arc constants, [(L| tin' oxygen eonceiitraticiii Wilder- 
mami eoiuliides tiom a small .scruxs ot nn'iisiiiements that the rc'action 
IS the usual one of the si'coiid orclei 

Bodenstem has discussed tliese results from the point of view of bis 
electronic theory, and sbow.s'that the deviations from the hydrogen 

' ^ulur(. 192J, 112, 917 - l‘rof Roy Hoc, 1922 102(, I 

•' .! Physical Chem, 1923,^29, 812 See ,i1mi Miiisliiill, Trans Am Kler.lrochum Soc , 
April 192b ^ Phil Tmn^ , 1812 Hi 

'•> ,/ (’hem Soc, 1991, 83, 201 " Phil Trail', 1902, 199v, 217 

’ Ann Physik, 1907, 24, 55 « J Chem Soc , 1911, 99, 1726 
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chlorine reaction are to be sought in the relative non-reactivity of tlio 
carbon monoxide with the activated chlorine. He calculates that in 
the carefully prepared mixture of gases employed by Wildermann 
100 molecules of chlorine react per light (piantum. Moreover, he 
observes that by increase of oxygen concentration it,sliould be possible 
almost completely to suppn^ss the secondary reaction wlii(’h leads to 
the disproportionality between light energy and chemical energy 
observed in the hydrogen chlorine reaction, and thereby to emphasise 
the primary reaction in which proportionality exists. An iiwestigation 
of such points of interest is promised. 

In the })r()duction of phosgene from carbon monoxide and chlorim^ 
in the prt sence of oxygen it has been shown that carbon dioxid<‘ is 
formed. Phosgoiu' therefore simsitises this reaction to visible light. 
Weigert siigg<'sted that this was to be attributed to the action of 
radiation ])roiluced in the pho.sgene synthesis. Kornfeld and Hirnbaiim^ 
liave shown, how(5V(T, that this is not so, since the n'ac-tion to form 
phosgene ])rocee(ling in a gas space surrounding a (|uarl/. vt'ssel contain- 
ing carbon mono.xide and o.xygen faih'd to produce any combination 
of these hitt('r gases. Th(‘ sensitisation of the carlxni dioxide r<‘action 
must therefore be due to kinetic energy transb'rs and not to radiation 
pheuonuma, a conclusion of importance in vi('w of the data of jihoto- 
sensitisation later to b(‘ disimssed. 

It is of interi'st to r<‘cord that, as a result of a researcJi recamtly 
published by Boden.stein and Plaut,^the tln'mial |)roduetion of phosgene 
is indepeiid(Mit of the, oxygen (‘oncentrut ion but is eatalvsetl by the 
chlorine, the velocity data being completely reconcilable with a. naiction 
scheme : 

( 1 ) (' 1 ,- 2 ( 1 , 

(2) (1 f('lo=(V 

(3) ('1,5 -1 (:o-('OCi2+ci. 

The processes (1) and (2) rejiresent. e(piilibria continuously maintained. 
The velocity is to be attributed to process (3) Bodeiistrun hopes 
subsequently to reconcih* the observations made on both thermal and 
photochemical reactions. 

The ])hotocatalytic halogenation of the hydrocarbons has been 
most exhaustively studied in reference to the aromatic; hyclrocarbons. 
Luther and Goldberg ^ observed, in the chlorination of benzene,, toluene, 
and xylene, strong inhibition of the catalytic proc,css dm; to oxygen. 
Bruner and Czernccki'* have shown that bromination is also sensitive 
to oxygen, and leads to cpiitc' indc'finite rates of reaction unless th;; 
oxygen is removed. Addition of iodine to the sy.stem in determined 
amounts effects the removal of o.xygen, by nuiction to yield oxy-iodine 
compounds. In absence of oxygen, bromination occurs in the side chain 

1 ZeUsch. phynihd. ('hem , 1924. 108, 118. * Zethrh. phi/nhtl. Chevt., 1924, 110, 399. 

• ZeiUch, physikal. Chem., 1906, 66, 13. * Bvll. Acad. Sci. dracow, („4), 1910, 576. 
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at a Velocity proportional to the intensity of the light Iq and the con- 
centration of hydrocarbon present, thus . 

I 

That the bromine concentration was without influence was shown 
by the authors to be due to the experimental arrangements, m which 
absorption of the light was practically complete even in moderate 
concentrations For a homogeneous field of illumination- -in other' 
words, with weak absorption— the reaction velocity equation would be 

The yield of reaction per quantum of energy absorbed is high when 
oxygen has been displaced from the system According fo Bodenstem 
this can be estimated at 10* molecules reacting per quantum of energy 
absorbed 

The temperature coeffieient of the photoclKmiu al reaction between ' 
bromine and toluene is also of interest Nnimallv, ])hotochemioal 
reactions possess a very small temperature ooeflieient Thus Bunsen 
and Boscoo determined the coeffieient foi hytliogen-thlorine combination 
as 1 2 pel J0'\ whilst later measurements of lloscoe and Denison gave 
unity In other words, elevation of temperaturi' normally promotes 
but little the velocity of a photochemical reaction In the photo- 
bronmiation of toluene, liowever, filie t( miieraturi' roeflicient possesses 
the relatively high value of I 85 The corresjiomlmg reaction in the 
dark likewise jiossesses the high tenijieratuio coeflleiont of I, as opposed ' 
to the normal value of 2-3 Bodensfein interprets this on t he assumption 
that both bromine and toluene must, be a((i\e m order to react upon 
collision (or, interpreted m the lecent phraseology of energet.ics, both 
molecules must receive a defiuite eiitical increment of energy before 
reaction occurs) ^ In the light reaction the tmnpeiaturo coefficient 
1 85 represents the increase, for temperature use of IU°, of active 
molecules of toluene, whilst 4(1/18 = 2 2 ri'presents the increase in 
■ active bromine molecules In this manner, it is suggested, an increase 
in our kuo\^ ledge of ordinary chemical processes may result from a study' 
of photochemical reactions 

It IS of interest to record that the combination of hydrogen aud^ 
hromine is only very slightly sensitive to light at ordinary temperatures, 
but becomes markedly so at temperatures of 150'’ 0 and upwards* 
Bodenstein and Lutkemeyer have examined this reaction m detail and 
show that the mereased velocity is to he attributed to the formation of- 

' 1 S( e Lewis J Chem Soc , 105, 1014 cl 

* Kastle and H(atly, Amer Chem J , 1808, 20, ICtO, Puscli, ZeiCcIi EkktrochtHi,, 1&18, 
24, 3d7, Lind, ./ Phyi Chem , 1924, 28, 65, Boden^tnm and t.utkuneyer, Zexlsch, jjAjWifetl, , 
CAem , 1024, 114, 208 ' 
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^ bromine atoms by absorption of light. This researfch has already been 
) discussed in an earlier chapter (p. 148) with reference to the inhibitory 
action of hydrogen bromide and iodine, effects which* are common both 
' to Jthe light and dark reactions. The temperature cocthcient of 1*5 
per 10 ° rise is high for photochemical processes, but* this value follows 
from the mechanism of the reaction put forward by Bodenstein and 
Liitkemeyer. 

Photocatalytic oxidation. — In agreement with the Draper Law of 
Absorption, photochemical halogenation occurs in presence' of light 
from the visible portion of tiu' sjx'etrum. Ohlorina(io!i is pronufted 
principally by the blue and violet light rays. Many other reactions, 
however, are eatalytically accelerated by the ultra-yiolet regions of 
the spectrum, and among such may be included a niAniber of photo- 
catalytic o.xidation processes. Of oxidation processes in gaseous 
^ystems, at.tention may be directed to the photochemical acceleration 
©f the oxidation of sulphur dioxide to sulphur trioxide, of hydrogen to 
water vapour, and of carbon monoxide to carbon dioxide. All these 
processes havi; been studied uiuh'r the influence of the, light from the 
electric arc or the mercury vapour lamp. 

From the point of view of ^'action kinetics, lif.tle has resulted, as 
yet, from such investigafious, in large measure, owing, (l(Md)th}ss, to 
the dilHculties of ex])erimental Ln linnpie. The evidence jmints to the 
action of a catalytic agent, resulting from the action of light on the 
oxygen. In the, investigation of the oxidation of sul])hur dioxide by 
Coelin and Ih'cker^ the main feature of the results obtained is the 
photochemical equilibrium .set up. It was found that with the, gases 
in stoichiometric i)roportions tin' equilibrium attained, over a te,in- 
peraturc range of r)0°-8(X)°, was constant and corre-sponded with an 
SO 3 content of ()5 jier e('nt With variation of the conc(‘,ntrations of 
the reacting substanei's, varying etjuilibria were obtained corri'sporiding 
with those demamh'd by the law of mass action. The preeis(i explana- 
tion of this feature is still wanting, and awaits, doubtless, the 
formulation of the re.aetion mechanisra. 

The combination of hydrogen and oxygen under the influence of 
ultra-violet light, studied by Andreew,'-^ was shown to lie a reaction 
independent of the coiieeiif ration of the reacting gases. Coelm and 
.. Grote,^ on the other hand, claim that it is a reaction of the first order. 
In reality there is, ])robably, no discrepancy between these two results, 
since Andreew worked with a mixture of the two gases alone, whilst 
the observations of Coehn and Grote were carried out with the minimal 
’quantities of the two gases present near the equilibrium state of the 
system. The order of reaction is governed by the degree of absorption 
* of the active rays, and, in the simple hydrogen-oxygen mixture, if this 
were complete, a reaction of the zero order would result, in which the 

^ * Zeitsch, physikal. Vhf.m., 1910, 70, 88. * J. Runs. Phi/n. Vhem. Oes., 1911, 43, 1342. 

' ' * Nernst Fesltchrift, Ualle, 1912, p. 136. 
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reaction velocity is'mdepeiideut oI the concentrations of the reacting 
substances 

Definite information as to the function of the various substances 
present in such oxidation processes emerges from the interesting re- 
search of Chapmay, Chadwick, and Ramsbottom ^ on the oxidation of 
carbon monoxide It was definitely shown in ibis work that ozone 
was Bimultaneously produced, and that, moreover, carbon monoxide 
acted as an inhibitor of ozone decomposition For, whi'reas, under 
the experimental conditions emjiloyed, pure dry oxygen yielded only 
3'6 ])er cent of ozone, it was found that wlimi dry carlioii monoxide 
was present the ozone concentration rose to as much as 11) ]*er cent, 
with simultaneous formation of but 10 pet cent, of carbon dioxide 
Further, it was, shown that water acted either as an accelerator of 
ozone decomposition or as a promoter of the oxidation of carbon 
monoxide , for, if the gases were saturated with water vajioiir at the 
ordinary temperature only 1 pei cent ot ozone was produced with 
the same illumination as that cited in the case ot the dry gases, 
whilst, simultaneously, as miidi as 28 iicr (cut of (arbon dioxide was 
produced 

Of oxidation processes in licpiid system, the o\idatiou ot hydriodic 
acid may he cited Since this ri'actioii has been employed for actmo- 
mctric purposes, it has been frecpicnlly studied and most thoroughly 
by Plotnikow^ The procc'ss is, in leality, the oxidation ot the iodide 
ion 111 acid solution by atmospheiic ox)gen, a reaction which, as is 
wc'll known, takes jdace slowly in tlu' dark, much more rajiidly, how- 
ever, when illuminated Flotnikow showed that the jihotochemically 
active rays (the blue and violet ol the mercury arc') weie but feebly 
absorbed by the reacting sjstc'iii Ob\ioiusly, theieforc, the reaction 
must be exceedingly light-scnisitive, which tact also emerges fiom a 
computation of Bodenstein that 10^'^ molecules of o\}gcn react jier 
quantum ot light energy absorbed Winther’* has recently studied 
this rc'action in the dark and in light of wave-lengths 4360, 4050, 3660, 
3130, 28tK), and 2540 A The now familiai inllueiice ol impurities or 
added substances on the velocity of reaction is in this case also marked 
The nature and coiuentralion of tlie acid employe'll detcTUime the 
reaction velocity Certain added substance's, as, for example', quinine, 
accelerate the reaction largely , others ae t inhihitively Bodenstein 
has suggested an mtcrjiretation ot the experimental results, assuming 
activation of oxygen by electrons act free from the liydriodic acid or 
accelerators present in tlic system Weigert suggests the mechanism 
of .reaction nuclei on which tlm oxygen is condensed at a higher reacting 
potc'ntial He points to the proved existence of peroxide' compounds 
in several of the investigated cases of photochc'mical oxidation Thus 
Richardson * was able to demonstrate the presence of hydrogen per- 

^ Zeitbch physdnl Chiw , 11107 , 58 , 214 
‘ Ibid , 1894 , 15 , 505 , 1897 , 22 , 050 . ' 


^ J.C'hem ttor 1907 , 91,942 
3 Zeituch physikat Ckni , 1924 , 108 , 230 
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oxide in the photochemical oxidation of oxalic aqid, ether, and amyl 
alcohol. 

The promotion of peroxide formation by photoeatalytii; means has 
attained technical importance in connection with a s(‘ries of reactions 
elsewhere discussed in the section on autoxidation. The production of 
rapid-drying oils by preliminary exposure to light is now a recognised 
technical process. Illumination evidently promotes tin' formation of 
autocatalysts, presumably of the })eroxide typ(‘, which subsequently 
accelerate the oxidation and drying of the oil on ex]K)S(ire to air.* 

The presence of hydrogen peroxide has also been demonstrated by 
Weigert “ in the solutions obtained after the jihotocatalytic oxidation 
of quinine, by means of atmospheric oxygen. This reaction is nmiark- 
able in other ways, since, as is obvious from tin* (‘xperimental results 
obtained, oxygen, although ])articipating in the reaction, also acts as 
an inhibitor. The product of the naiction vidocity and the oxygen 
concentration was shown to be constant over a considerable, range, 
With complete absorption of light the xadocity of action is proportional 
to the quinine concentration. Tin* reaction is likewise sensitive to 
foreign additions. Thus, in jiresence of 0*1 normal sulphuric acid, 
reaction is completely suppn'ssed. 

The oxidation of quinine with chromic acid as oxidising agimt w’as 
studied in detail by Ijiither and Forbes.'* In this case the reaction 
velocity is determined by the light absorbed by the molecules of (piinine. 
The chromic acid is not the light-sensitive agent, 'riu' reaction is not 
markedly sensitive to impurities, and occurs <piite rapidly in high acnl 
concentrations, in marked contra.st to the j)r«‘vious case of oxidation by 
atmospheric oxygen. Luther ;ind Forbes, by a .study of the reaction 
under the influence of varying wavi'-lengths, were aide to demonstrate 
the influence of absorption im tin* order of n-action. The violet region 
of the mercury vapour lamp is only b'ebly absorlx'd by ([iiiiime. In 
this region the reaction is iimmolecular. At the ultra -viidet end of 
the spectrum the absorj)tion was jiractically complete and the reaction 
in that region w'as of zero order Only at low coucentraf ions has the 
chromic acid any influence on the reaction velocity, which [loints, 
obviously, to the conclusion that by interaction of light and (piinine 
a photocatalyst results, which then reacts wuth the chromic acid. As 
is usual wdth successive reactions of this tyjie, Ihe O'nipo of tlu! whole 
process is governed by tlie slowest of the individual reactions, and 
this in turn is determined by the concentrations of tin; reacting 
substances. 

Photocatalytic oxidation in presence of chromates as oxidising 
agents has found extended technical application in photograpliio and 
lithographic processes. The application is based on the discovery that 

^ Sec, in tins connection, p. 221, and Salmon, Vheiii Zfntr., 1905, 1, .le.! , (<cntli(‘, Adil/ich. 
aii^ew. Chem., 1900, 19 , 2087 ; 118)9, 22 , 2095. 

» VcfWd Ftslschnjt, liallc, 1912, p. 4W. ® J. Amer. Vhem. Soc., 1909, 31, 770. 
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substances such as, gelatin, glue, fish-^luei albumin, etc,, wheii heatpd 
OTth solutions of chromates, arc rendered partially or completely 
insoluble in water- after exposure to light The degree of irlsolubility 
IS proportional to the intensity of illumination In photography, 
using pigmented gelatin layers, this has led to the beautiful “ carhop 
process ” and numerous allied processes In lithography, employing 
metallic bases covered with a chromated gelatin layer or layers of 
similar substances, the permeability to acids is determined by the 
intensity of illumination Thus it is possible to obtain etched reliefs 
from which, by the ordinary printing processes, prints may be obtained. 
The actual mechanism of the photochemical action on the colloidal 
material, although the object of considerable investigation, is, as yet, 
not satisfactorily settled In its mam features it is undoubtedly 
jiarallel to the 'case of (pimnc just discussed But the mechanism 
whereby insolubility is produced is not yet clear 

A pliotocatalytic process of common eviuyday observation is thg 
fading of coloured materials and pigments on exposure to light Whilst 
possibly not exclusively oxidation processes, it has been shown in 
many cases that the reactions are autoxidations catalytically accelerated 
by light Weigert ^ has shown, for example, that nitli substances like 
fluorescein and erythrosm tin' mecbanism is parallel to tliat observed 
by him for cjuimiio Lasarefl has, however, demon stiated ^ that in 
thin colloidal films the hleadiiiig of pigments is due not only to 
oxidation hut also to mlraniolecular decomposition Also the com- 
plexity of the jnoblem is intensified by tlu‘ influence of added sub- 
stanei's Thus it has been demonstrated, by observations with the 
ultramicroscojic," tliat addition of potassium ferrocyamde gives rise to 
a heteiogeneoiiH cataKst, ])er()\ide in nature The addition of iodine 
strongly aeceleiates ceitain of tliesi' reactions, as docs also the presence 
of the ions OH', NO^', CIO/ Betardation oeciiis in presence of H‘, 
(T, Br', and SO/ ions 

Tlie foimation of an antocatalyst, of wliidi the .ictivity persists 
for long periods after illumination has been diseontmuocl, is well 
illustrated m the case of the oxidation of iodoform^ On bubbling 
oxygon through illuminated solutions of iodoform m tlie most diverse 
solvents, oxidation occurs, with sejiaratiou of mdino TIh' velocity pf ' 
reaction mcroases nitli increasing mil nil concentration of iodoform m 
degree corresponding with that rccjuired m accordance with" Beer’s 
Law The velocity varies uitli the natuic of the solvent Thus, in 
carbon tetradiloricle solution, the reaction is fourteen tunes as rapid as 
in alcohol. The influence of iodine is, however, most marked For,it^. 
although in the rejilacement ot iodoform by iodine during the course of 

^ Loc at * Zetitek phtjukd Chew , 1912, 78, 057 ' V' 

* Sco Ainiinns, J S'uu^e Je Chim et Vham , 1901 , Kwtiakowski, Zeiluch phystkal. 

1900, 35, 431 ^ 1 

* Szilard, Ziituch msi Phutochem, 1901, 4 , 127, I'lotnikon, Ztilich phystial Ckem%i' 
1910, 76,337, 385 
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ihe reaction the a})Sorption of light ia strongly altered!, still idle Velwit^’ 
„ of reaction remains constant. Also, after discontjimanco of illiunina-* 
tion, the process of oxidation continues steadily for long periods in 
the dark. If, also, to an iinilhnninated solution of iodoform in certain 
solvents a small amount of a pre-illurninated .solution be added, 
oxidation takes place without any further illimiiuation. (Ibviously, 
illumination gives rise to a pliotoeat.alyst which persists in activity 
over long intervals. The phenomenon is not d(’tinit<‘ly ('x plained. The 
, process is undoubtedly complex and presumably is (pnit' dilTercnt in 
different solvents, since only m eertaiu solvents is the aetivity, on 
di.scontmuance of illumination, o]).s<>rvable. 

The inhibition of emtain photo-oxidations has already beim dealt 
with in the chapter on the inhibition of liomogeneoiis reactions {pp 151 , 
155). * 

Photocatalytic hydrolysis. — d’he hydrolysis of liydrocliloroplatinic 
acid has been shown liy lloli and Jacob ^ to be pilot oehemically 
sensitive to ultra- viobT radiation. The ditTereni acids ll^PiClg, 
JlaPtClafOll), [{.JTC'ljfOHla, and nA*t(t(01i), are all liydrolysed by 
water, the rat(‘ of reaction lieing ri'adily followed with gn-at exactitude 
by determination of the conductivity of the solution. The formation 
of hydrochloric acid during the reaction cau.ses an inerease of con- 
ductivity. With w(‘ak absoiptioii the reaction is of the s<rond order ; 
with considerabh' absorption the velocity is proportional to tln“ cliloro- 
platinic acid eoncentralum. The authors regard this reacTion as 
pointing to tlie formation of a oomp»)und, llolMtlfOUl^. n.^Pt(()Il)(„ 
the production of winch is .sugg<‘st(‘d also by a measure of tlu; absolute 
amount of liydrocliloric acid produced. By direct, measuremeut it 
was shown tliat, in , normal .solution, about two moleimb's of acid 
were dccom])osed per (piantum ol light energy absorbed. In stronger 
solutions th(‘. number deeompo.sed would ])robably b(' proportionately 
greater. By analogy witli the hydrogen-clilorini' reaction, Bodenstein 
suggested that the ri'actiou .should he, inhibited by oxygen. Boll and 
Henri, however,^ on .submitting this point to experimental test, could 
not confirm this suggestion, and eonsiHjuently doulit was cast on the 
whole systematisation introduced by Bodenatein. 

From till' quantitative point of view, the meclianism of numerous 
photochemical reactions lias been studied by Henri and his co-workors. . 
Of the reactions included under liydrolysis, tliat of aceione may be 
, cited. Henri and Wurmser * showed that the reaction w'as photo- 
chemically quite sen.sitive, the ratio of molecuh's hydrolysed to quanta 

■ absorbed being in the ratio of 200 to 1. Baly^ suggi'sts, however, in 
regard to this result, that a jiortiou of the necessary energy fefr the 
reaction is derived from the solvent, which exerts, according to this 

^ Compt. rend., 1912 , 154 , 881 ; 1912 , 156 , 8211 , 191 . 1 , 166 , 138 , 091 . 

2 Compt. rend., 1914 , 168 , 32 . * Ihd., 191 . 1 , 158 , 1012 . 

* Fhysikal. Zeitach., 191 . 1 , 14 , 893 . 
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View, an influence in, opening up the electrical fields of force of the 
solute molecules Qf interest also from the same work of Henn and 
Wurmser is the observation that the minimum of energy capable of 
producing luminous sensation in the eye is inferior to the elementary 
quantum of energy 

Photocatalytic decomposition and polymerisation. -Typical ex- 
amples of decomposition photochcmically accelerated are the de- 
composition of ozone and hydrogen peroxide, together with the 
decomposition of oxalic acid in presence of uranyl salts All three 
reactions have been thi; object of a considerable amount of experimental 
work, from which (certain conclusions relative lo the reactions may be 
drawn 

Thus, 111 the decomposition of ozone, it was shown by Regcncr ^ 
that ultra-violet light in the region of 0 257p, was particularly active 
The kinetics of the reaction has been studu'd, more especially by von 
Eahr ^ and by Weigert ^ AVith complete absorjition of light, reaction 
18 proportional to the ozone concentration With homogeneous 
illumination -that is, with extremely thin gas Invers the reaction 
w'ould bo projiortional to the square of the ozone contentratioii, which 
IS in jiart made manifest m the available expenment.il data From 
Weigert's data it may be ealculated that, in his exjieriments, approxi- 
mately 100 moleeules of ozone ari' decomposed per quantum of energy 
absorbed 

It was thought that, in visible light, ozone was stable, reeimt 
investigations by (Irilfitli ami Sluitt,' initiated as a result of calcula- 
tions made by Lewis ^ in l!)]8 on the basis of tlu' radiation theory of 
chemical action, have served to show that ozone mav he decomposed 
by visible light of wave-length longer than ()70() A and, therefore, in 
the red region of the visible sjieetnim Tins predution by Lewis and 
subsequent vonfRation by (Iriffith and Shutt constitutes one of the 
positive ae,hi(>v('ineiits of the, radiation theory 

As ri'gards the simsitisation to visible light by the addition of 
cliloiiue, Weigert showed,'’ in an intensive investigaiion, the far- 
reaching proportionalit) betwemi light absoihed and ozone d<‘composi- 
tioii, independent of the ozoiu' concentration within wide limits An 
estimate of tlie photochemical yield by llodenstom^ showed the ratio 
of absorbing to reacting molecules to be of the ordi'r of unity 

The sensitised reaction has been recently studied by Bonhocllcr * 
from the staiuljioint of the quantum relationshqi and the law of tljo 
photochemical equivalent, using approximately moiiocliromatic illu- 
mination (A ^4360 A and a grpup at 4060 A ), measuring, with every 
refinement, the energy involved aiul chemical reaction produced 

‘ Ann I’hysd, I'JOfi (iv ), 20 lOS I ' Ibid , lillO (iv ), 33. j98 

^ Zettxh phyaikal Vhm, I'lU, 80, 78 ^ J Chevi Hoc , lOil, 119, 1948 

* Trunt Farad Hoc, 1922, 17, ■'ITO “ Zntsch EleUrochm , 1908, 14, 091 

' Ibid, 191.3, 19, 840 “ Zutach phynkal Chm , 1923, 13, 94 
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Chlorine and bromine were used as sensitis<'rs. . It was shown that, 
with chlorine, the rate of reaction was strictly proportional to the 
absorbed light, independent of the ozone concentnatioTi between con- 
centrations of 5 and O-l per cent. The v('locities wnth monoclironnitic 
radiation W'ere, naturally, considerably less than in Weigert's studies 
with a whole spectral region. 

Bonhoetfer's results show that about two molecules of ozom* were 
decompo.sed for each quantum absorl)ed. With bromim' vapour as 
sensitiser the reaction w'a.s more ditlicult to study. The dark reaction 
amounted to 10-20 per cent of the sen.dtised reaction 'Phe nmiarkable 
result of the quantitative investigation can he gathered from the 
obsi'rvation that, in four dill'erent ('Xperinumt'^, the values for Xjhv were 
34*5, 28-2, 33'2, and 28*2, or, in the mean, 31. No simple ratii> <'.xisis, 
therefore, in tin' bromine sensitised reaction, betwe<*n ahsorhing and 
reacting molecules. 

In his discussion (»f the eAp<‘riniental results Boiihoeller stri'sses the 
remarkable nature of the observation that the reaction \elocity is 
indi'pendenl of ozone concentrati(‘n within the limits bO-l per cent. 
This points to a remarkable “life" ol the activated ehloriin' molecule, 
since, in the inori' dilute ozoin* mi.vture, such a moleeuh' must meet 
10(X> molecules of chlorine and o.\yg<‘n Ix'fore it reaches an ozone 
molecule. This would cast doubis on tin* meehanisin postulated, in 
the hydrogen-chlorine combination, for the inhibitory powi'r of oxygmi. 
From kinetic data Bonhoeller calculates a minimum iit<- of I-bxlO ’ 
secs. That two inolecules of ozone are decomposed is in agn'cinent with 
data on the j)hotosensitivity of ozone itself 

That, in the casi' of bromine .si'iisitisation, more than thirty ozone 
molecules (leconip(>se for every activated broinim' molecule compels us, 
in the view of Nernst and No«ldack,’ to assume that energy must be 
transferred from activated ozone molecules to maetivateil, oi that, the 
energy of the reaction products may be so transferred. 

His own earlier data and tin' eonlirmatory data of Honhoelfer have 
led WeigCrt to a detailed coiisid(*ration of the theory of th(‘ trans- 
formation of railiation. Weigeri sees in the ozone-chloriin' sensitised 
reaction the simplest ease of chlorine photori'actnuis, and In; would 
therefore expect to draw from the reaction the simph'st e.onelusions as 
to mechanism. He points to the importance ol the fact, that the 
velocity of reaction is independent of the ozone conci'iitrat ion at a 
certain, but small, ozoiu' concentration, as showing that, at and above 
this concentration, all or practically all th<' radiant ein'rgy absorbed by 
the chlorine is converted into chemical energy. Similar observations 
have been made by Gruss^ for two sensiti.sed reactions invdlving 
trichlorbrommcthane ; 


’ Stlzurujbbfr. jiraw. Ahtd., 1!I23, 11. ‘I 
^ Zeitsch. 2)lii/><ikal. Chetn., I1I2S, 106, 10S 
3 ZeiUfch. Ehklrochtm., 1923, 29 , 141 . 
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' 20a>+Cl,=2CCl4 +Br2, 

2CCl3Bt + 02=2C0Cl2 + Bra+CU 

With ohlonne free from ozone, but containing moisture or other 
impurities in small (quantities, light may be absorbed and converted 
completely into heat* energy, as shown by chlorine m the Budde effect,^ 
the expansion due to temperature nsc when moist chlorine is illuminatfid. 

Weigert sees a complete analogy to these two modes of transforma- 
tion of light energy in experiments with mercury vapour In pure 
mercury vapour at low pressures Wood * showed that the resonance 
line, 2530 A , can readily be stimulated by illumination with a mercury 
vaqxmr lamp By addition of air or other gases this resonance radiation 
can be suppressed entirely In this event Wood says that a true 
absorption occurs' the light energy introduced being converted into 
heat. Now, it has recently been shown by Cano and Branck ® that 
the light energy can be transformed into chemical energy if the gas 
added to the mercury vapour is hydrogen These authors showed 
that an illuminated system of mercuiy vapour and hydrogen decreased 
in pressure, owing to the production of hydrogen atoms which “ cleaned 
up ” * on the walls of the containing vessel oi could reduce copper oxide 
at ordinary temperatures According to Cano and Franck there 
exists also, m this case, a limiting hydrogen jiressure above which all 
tho'absorbed light energy is converted into chemical energy 

The luniiing pressures of tin' reacting species, of ozone at 0 5 mm. 
or lower and of hydrogen at 10 mm Ilg pressure, and the [)re.saiires of 
the sensitising agents (clilorine, 0 5 atom , and mercury, 0 009 mm ) 
arc quite diifercnt The ratio of reacting to sensitising molecules is 
also difleront for the ozone-chlorine reaction, n, /w, - 1 3 x 10 " , and for 
the inerciiry-hydrogi'n, f'l x 10^ If, however, Weigert points out, one 
calculates the nunil)(‘i of reacting nioleeules which ate to be found' 
in photocheniieally comparable volumes of a cylindrical vessel, corre- 
spondmg to the thickness through which the absorbed radiatntn is 
reduced to the same extent, practically identical numbers are obtained 
m the two cases This occurs by ri'asori of the strong absorption of . 
mercury vapour and the small absorption of clilorine Weigert therefore 
thinks it probable that the processes are quite analogous to one another 
The weakness of Bonhoeffer’s concept of a long-lived chlorine 
molecule, unable to lose its energy to oxygen or otlier chlorines hut only 
to ozone when chemical reaction ensues, is evident when the mercury 
cases are considered Under given conditions, all three types of pheno- 
mena, resonance radiation, heat, and chemical reaction, can result from 
one and the same qinniary photo-process, the absorption of light fronq, 

» I'ogg Ann , 1871, 144. 213 , , 1873, 6, 477 

“ Phi Mag , 1909, 18, 187 , VhysiM ZeifocA , 1909, 10, 425 
’ Aeitscli I'hyid, 1922, 12, 102 

* Langmuir, J Amer Chtm Hoc , 1914, 36, 1710 , 1916, 37, 417 , 1916, 38, 1 145 
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' the merciiry vapour lamp. Weigert, therefore,, assumes that iu the 
^ ozoue-chloriue reaction the same process occurs ,as in the mercury, 
teactiohs. The radiation absorbed by the chlorine is first emitted ad 
isochromatic resonance radiation in the normal way. and this absorption 
. and emission process is repeated continuously by the chlorine until, 
finally, absorption in a binary system (involving ozoiu' simultaneously) 
leads to an inner photo-electric effect and to chemical change or to a 
change in translatory energy of 1 he particles. 

The resonance radiation of the mercury can be pereidved because 
of the extraordinarily strong absorption of the oxciling light; with 
chlorine it is imperceptible because the absorption is a hundred million 
times smaller. On the other hand, tlu're is indirect evidence of its 
occurrence. For the Bndde effect only occurs wifh moist chlorine 
or chlorine containing small imjmritics. With pufe, dry chlorine, no 
Budde effect is obsorvt.'d, although absorption occurs. WeigiTt a-ssumes 
that, in this case, the absorbed energy is re-emitlial us isochromatio 
resonance radiation. 

This mechanism of Weigert is in agn'cment with his observation 
that perceptible time intervals occur during whicli the observed chemical 
change is completed It does not explain ahnormal yields of eheinical 
energy. To ex])lain such, .some type of chain meeliamsm or of energy 
transference from products to reactants mu.sf U', .-isstimcd. 

Catalytic effects in ozone decomposition. Various gases havt* been 
found to accelerate ozime (l(‘com])osition ; ojitical sensitisafion (*annot 
be the cause of tin; accideration observed, since the gasi's do not absorb 
the wave-lengths employed. Wedgert ^ and W(dg<‘ri and Uolim- have 
studied the deeomjiosition of ozom^ by ultra-violet light in the })reseiice 
of hydrogen. Bronouneial acceleration is produced, (hdllith and 
Shutt^ have studied the same .sy.stem in visible light, and flrilfith and 
MacWillie * have .studied Ihe, ri'action in the presenee of helium, argon, 
nitrogen, carbon monoxide, and carbon dioxide. 

Weigert assumes that the decomposition of ozom* in t he presence of 
hydrogen is not a photochemical proce.ss but a thermal reaction. The 
heat liberated by the reaction 

().,[hJ + H2-02 f lljO 

is supjioscd to warm the gas in the neighbourlioml of the absorbing 
layer to a temperatun* high enough to enable tin* bimoh*cular thermal 
reaction 203=302 

to proceed at an appreciable rate. Criffith and Shuti reject this 
mechanism for visible light, since there is no greater iiu^rf^ase in tem- 
-perature on illumination of gas mixtures containing liydrogmi than in 
those containing ozone and oxygen alone. Griffith and Shuit suggest 
that the water molecules formed, which, for some period after their 

“ * Her., 1913, 46 , 81.>. ® 7jt,Uj<ch. physikul. Chnn., llll.'i, 90 , 194, 233. 

5 J. Chern. Soc., 1923, 183, 2762. * J, Vhem. S(K., 1923, 128, 2707. 
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formation can p 0 sspss.enprg 7 , can activate ozone molecules by collision 
In the absence of Jiydrogen the ozone decomposition is much slower 
and IS bimolecular, m agreement with the ultra-violet reaction with 
weak absoiptioii 

With carbon monoxide present m the ozone mixture, reactions 
similar to those with hydrogen can occur With the other gases present, 
only the ozone decomposition 

20j = 3()2 

occurs, the velocity being greatest with helium adiniKcd, less so in order 
with argon, nitrogen, and carbon dioxidig least of all with oxygen- 
ozone mixtures alone, comparisons being made at the same ozone 
eoneeiitr.ition Were the admixed gases acting as diluents to an 
inhibitory oxygen ,'’onoentiation the specific order given would not be 
anticipated -they would all be expected to have a like action 
GrilTith and MacWillie therefore suggest that tlie order of efficiency is an 
index of tlie elTiciimcy of the admixed gas in causing deactivation of the 
ozone molecules by collision ^ 

In comieclion with the decomposition of livnlrogeii peroxide under 
ilhiminatioii, it was demonstrated by KistiakowskH that by addition 
of ri'd and yellow prussiate of potash the catalytic action of light was 
prolonged for coiisideiable jxuiods after illiiinination had ceased 
IJltramicroscopic investigations showed that this could probably be 
attributed to formation of a heterogeneous catalyst More recently 
it has been shown that ot her siibstanccs may act in the reverse direction 
These ha\e alri'adv lieen disiiissed in an earlier diapter (jip ir)2, Ifid) 
As to the kinetics of the decomposition, Tian ‘ reports that in dilute 
solution the reaction is of the first order Mon- recently,'* however, 
he published figures which point to the fact that the decomposition is 
proportional to tlie liglit absoibed and the coiueiitration of peroxide, 
and that tfie oxygen evolved in the reaction acts as an aiitocatalytic 
inhibitor ilenri and Wurmser'’ leport Init feeble absorption of the 
light energy and a decomposition of more tliaii 100 moleeiiles jier 
quantum absorbed 

The decomposition of oxalic acid in presence of uranyl nitrate is 
very sensitive to light Ifctween the concentration limits of iV/1000 
and N/10,000 the velocity is stnctlv proportional to the absorbed 
energy,*' and fiOO molecules of acid an' decomposed per quantum of 
energy absorbed The hypothesis of Bodenstein that oxygen would 
act as inhibitor of this reaction was also shown by Henri and Boll ^ to 
be m disagreement with experimental facts The reaction has also 
been studied by Mathews and Dewey,** and (piite recently by Anderson 
and Robinson,'* who show that tho^syHtenl oxalic aeid-uranyl sulphate- 

* Sie iiKo (t li KosliuLottHki, Zctlv/i phynlal f'hem , 117 ,137 

‘ J Chem .S'oc,l‘K)l,35, 1.11 ■' CompI wm/.lDIO, 151, lOll) ' /fcid , 1913, 166, 1879, 

}hid , 1012 « lioll, itirf , 1013, 1B6, 1801 ’ Ibid , 1914, 158, 32 v 

* J Physical dim , 1013, 17, 210 * J Amer Chem Soc„ 1925, 47, 718 
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water forms a suitable ultra-violet radiometer.. They find, however, 
that many quanta are required per molecule decomposed, the number 
decreasing with increase of uranyl sulphate concentration. 

^The photochemical acceleration of processes of polymerisation may 
be exemplified in the. researches of Berthelot and (landeehon ^ on 
acetaldehyde. In presence of moisture and oxygen, aeetahlehyde is 
tapidly oxidised by ultra-violet light to acetic acid, hlven in absence 
of oxygen, with the extreme rays of ultra-violet light . oxidation sets in, 
presumably with simultaneous decomposition. In absence of moisture, 
and most rapidly in the va})our phase, acetahlehyd*' resinities and 
forms polymerised products on illumination with raVs of \vav(‘-length 
less than 0-25//.. 

CATAT 4 YSIS HY MEANS OF BliVTOEN BaYS. THE SlEKNT DlSl’IlAlUlE, 
AND UaDIOACTIVE SdB.STAN(UOS 

In the preceding .sections of this chapter it has emergeil that light 
.energy may ])romot(' widely div(‘r.se and distinct catalytic reactions. 
In most cases, from lack of full investigation, it has b(‘en impossible 
to determine the actual wodxti opoaiKh, but it is obvious that in many 
cases the function of the light (mergy absorlx'd has been t he jiroduction 
of a catalytic agmit which has a<‘<‘(‘lerated tlie operation of a reaction 
in the m'rmal direction of the chemical forces. It would be expected, 
therefore, that in the ojteration of otlu'r forms of radiant, energy on 
chemical systems similar catalytic effects would be obsiTved. Tims 
an examination of the material available concerning the inllinmce of tlm 
silent electric discharge, of Bontgen rays, and of the radiations emitted 
during radioactive transformations, should reveal example.s parallel to 
those cited in the sections dealing with photochemical changes. 

The literature of <diemical ^'actions induced by these different 
types of radiation is .scanty, howevi^r, doubt h‘ss dm* t.o the r(!cent date 
of their di.scoverv and elucidation. In tin' main tlu' bteraturii deals 
with reactions which cannot be included in the s<‘ope of this study, 
since they are. chiefly non-catalytic and in which the reaction occurring 
is in the direction opi)OHed to the normal chemical forces of the systmn, 
deriving the necessary energy from tin; radiant energy supfilied. Thus 
in the case of the silent electric discharge the formation of ozone from 
oxygen is an excellent exarajile. As Kriiger has aln'ady shown, the 
number of ozone molecules formed is determined by the number of 
oxygen molecules which are riijitured by the electrons introduced into 
the gas system. 

The decompo.sition of dry ammonia gas und(;r the influence of. the 
silent discharge is another case parallel to the ozonisation of oxygen. 
Curiously, however, as was shown by Le Blanc and Davies,® addition 

1 J, Amer. L'hem. 11113, 156. 233. SfrvM FeMfchrifi, Halt', 1012. 

3 ZtUsch. Ekktrochcm., 1008, 14, 361. 
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' of nitrogen to that ammonia acceferates the decomposition considerably 
Vhereas hydrogen diminishes reaction. These influences are worthy- of 
' more extended investigation. ' ,■ 

The researches of Eassbcnder ^ demonstrated the catalytic influence 
of the .silent discharge in the combination of carbon monoxide and 
oxygen and of hydfogen and chlorine The alternating field required' 
18 much more powerful in the former case, a.s would bo anticipated'' 
from the photochemical rcsult .8 Doubtless, investigation of the latter 
case would show that as regards kinetics and energy (lonsumption’ it 
. was parallel to that observed under the influence of hght, Rontgen 
rays, and alpha-ii.irtieles, which latter will subsequently be detailed. 

The function of Ronigen rays in promoting a r('action catalytically 
IS best exemplifi('(l in the ca.se of the hydrogen-chlorine combination as 
studied by Le Bl.iiie and Vollrner ^ It was found that in a hydrogen- 
, chlorine mixture which was photoclu'nneally quite sensitive, Rontgen 
. rays also produced combination Moreover, in c\ ablating the ratio of 
energy siqipluul lo the amount of elienucal cotribination pioduced, it 
was shown that lO'* moh^ciiles of chlotine combined for each electro^, 
produced m the system by the ladiation The kmetics of the reaction 
was not sliidieil and remains tlnwefore an uitiuesting problem for 
comparison with the cib'ct of light energy .ind of the action of alpha- 
particles on the sanu' ri'action 

A number of qualitative teats on certain reactions, as, for ex^ple, 
the hydrolysis of aciUoiic catalytically accelerated bv light, have been 
made, by one of the authors, with Rontgmi r.ays from a Coolidge tube, 
but without sigmhcant result That a seaicli for such reactions need 
not be frill! less, howeccr, is to be (om bided fiom the u'cent observa- 
tions of Rordiei ^ on the decolonsalion ol aqueous solutions of iodine 
and of starch iodide by exposure to Kontgmi r.iys for a few minutes 
The quantity of ladiation leqiiircd vainsl with ! he pioportion of iodine 
in the .solution Tiirther mvi'stig.xtioii would doubtless reveal the high . 
catalytic activity ot the rays in this paiticuliir nvictiou, and data on 
the energy quantities involved should he interesting • 

Van ’t Rotf^ lore('a.stcd the possibility of using radioactive trans- 
formations and the energy resulting therefrom as catalytic agents In 
evidence of his belief, he directed attention to the action of radio- 
active materials on the glass vessels in which they were contained 
Especially with glasses containing manganese or lead, the coloration' 
produced in the glass by action ot the ray.s evidences an acceleration of 
a reaction, pre.sumably oxubition, which ordinarily takes place but' 
slowly, being manifested in glass of manganese contmit by the develop- 
ment of a pinkish tinge 

The reactions brought about by radiations from radioactive sub- , 


* Zethch phyidal Chen , IflOS, 62, 71 J 
? Uompl rend, 1918, 163, S'll 
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stances hdive been collected and discussed by Lind.^ The reactions 
investigated are numerous and include, among o'thers, the formation 
and decomposition ' of water, of ammonia, of hydrogen chloride and 
bromide, the decomposition of carbon monoxide and dioxide, and the 
ozonisation of oxygen. From a review of the available material Lind 
was able to establish a definite relationship between the number of 
molecules brought to reaction and the pairs of ions fornu'd for example, 
by the alpha-particles introduced into the system. Tims, in the case 
of ozonisation of oxygen, most carefully and thoroughly investigated 
by Lind, it was shown that, for evx'ry pair of ions, one molecule was 
caused to react. The reactions may thereiore be rc’garded as due to 
the direct intervention of the alpha-particles, the energy from which is 
transformed in the process of the chemical reaction. 

The conspicuous exception to the sim[)le relatioii thus formulated 
by Lind for the reactions brought about by radioactive energy is again 
to be found in the case of the hydrogen-chlorine combination. Lind 
* calculated, from experiments of Jorisse.ji and Ringer,^ that, from one 
pair of ions, the number of chlorine molecules brought into reaction 
was of the order lO'-^-lO’h similar in magnitude to that observed by 
Le Blanc and Vollnnu for the action of llontgcm rays, and ])arallcled also 
by the previously cited compulations for tin* photoclumiical reaction. 
The ex])eriments of Jorisscu and Ringer were carried out with the gases 
in an actinometer having a suitable scale attach numt, radium salt 
being contained in a thin-walled tube fittial into the reaction vessel. 
Evidence for an induction period is manifest from the (‘xperirnental 
results as well as for a varying .sensitivity of the n^aeting gases, due, 
doubtless, to impurities jiresent in tlu^ gases. 

The analogy between the photochcmiical reaction and that induced 
by the alpha- particles is still further emphasised by a study of the 
reaction by Taylor.'*^ The experimental conditions wiue so arranged 
that complete absorption of the alpha-particles from radium emanation 
in a minute, thin- walled glass bulb was efiected in tin' hydrogen- 
chlorine mixture surrounding the bulb and (‘ontaim'd in a spherical 
reaction vessel of radius greater than the range of the alpha-])article8 
(Fig. 25). In these circumstances of complete energy absorption, it 
was shown that the reaction velocity was proportional to the energy 
absorbed and was of the first order, inversely proportional, however, to 
the total pressure, which changial during an exjieriment by withdrawal 
of samples for analysis. These results could be interpreted by a 
reaction equation of the form 

d2lICl_ 

(It [021 ’ 

. ^ J, Physical Cliem., 1912, 16, Wit , “Chemical Effects of Alpha ParlidoH and lllootrons ”, 
Chem. Catalog Co. “ Ber. Chem. Ges., 19015, 39, 2005. 

® Taylor, J. Amer. Chem. 1915, 37, 24 ; 1916, 38, 280. 
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whicli, for' small energy' absorption siicb as 'bolds in tbe photochemical 
' reaction, would change to the square of tho chlorine concentration aqd 
yield; therefore, a reaction equation identical with that obtained by 
Bodenstein and Dux in the ^hoto- < 
chepiical reaction On the energy ^ 
side it was computed that, with 
the most reactive gas mixture em- 
ployed — which, however, was 
considerably less sensitive, photb- ' 
(dieraically, than the gases’ . of , 
Bodenstein and Dux— as many* US' 

2 X 10* molecules of chlorine reacted 
for every pair of ions introduced 
into the reaction space, thus con- 
firming the calculation of Lmd 
relative to Jorisscn and Emger’s 
work and establishing conclusively 
the catalytic influence of the alpha- 
particlcs m the reaction 

Extension of the work on the 
action of alpha-particlcs by Lmd 
and Bardwell * to the oxidation of 
aliphatic hydrocarbons, the poly- 
im-risation of acetylene, cyanogen, 
and hydrogen cyanide has revealed 
a new type of gaseous catalysis 
Till' polymerisation of acetylene 
yields a yellow solid polymer, ob- 
tained by Sabatier by the action 
of copjior on acetylene and called 
by him “cuprene’’ This poly- 
merisation, under the influence of 
alpha-particles, differs from the v 
normal results obtained with alpha- 
particlcs m that as many as 20 

■ F.O, 2r.-A, n, g„ .utlot, “'-‘yl™* polymerise 

C, maiioniotcr connection , V), silica P^"" **^*'‘^ produced This IS 

rod as c onijiciisator foi thermal ascribed by Lmd and Bardwell to 
cMiansioa of mercery, £,mletfor the formation of a “cluster ” of/ 
emanation , i’, mercuiy scale , 6/, , , veiuotci or, 

ice leservoir , //, electric hoatet, to twenty acetylene molecules around ‘ 
ensure rotation of gases a single Ion, the polymerisation - 

occurring within the cluster, These / 
'^authors have also found that tin; ions of “ inert ” gases can also act^s, 
clustering centres Thu,s, nitrogen, helium, neon, and argon ions haye* ' 
,the same power of cdusmg the polymerisation of acetylene as the ion 
1 Setenee, 1925, 62, 422, 693 




oi'tfe gaB il!3^.- 'Siaoe these! gases do.not enter .into fiermaneht 'coin- 

tikation/ Lind and Bardwell terfn the effect “ ibnio^oatalysi^^’/’ ; 

' ' 'This type of catalysis is not confined to polymerisation processes' 
, of thiq type mentioned. It was shown tliat nitrogen ions contribute as 
, much - as. do the 02’^, H2+, and Og- ions to the reaction velocity of 
hydrogen -oxygen combination. Since the ionisa’tion of nitrogen, is, 
alrnost double that of electroljdic gas, when they are mixed in equal 
proportion, IN2 to 1(2112 + 02), the reaction rate would be expected 
tb be nearly three times as fast as if nitrogen were absent, which was 
' found experimentally to be the case. Argon when mixed with elec- 
trolytic gas was also found to have a positive catalytic effect, though 
less than that of nitrogen. Carbon dioxide acts normally as an inert 
ion catalyst in the polymerisation of acetylene. In the oxidation of 
carbon monoxide to carbon dioxide, the reaction f)roduct, however, 
appears to have no such catalytic effect, although argon acts as an ion 
catalyst in this same reaction. The reason for the failure of carbon 
dioxide to act as an ion catalyst for its own production from carbon 
monoxide and oxygen is, therefore, not yet clear. Further work in 
this class of catalysis is therefore promised. 

The polymerisation of acetylene to form “ cuprcnc ” can also be 
produced by Lenard rays from the X-ray tube. If these high-speed 
electrons be driven under high voltage through metal windows in the 
X|-ray tube into an atmosphere of acetylene, a copious production of 
“ cuprenc ” results.^ As ‘yet, no quantitative data are available. It 
has been shown, however, that the same source of energy will cause 
hydrogen and chlorine to e,xplode, hydrogen and oxygen to combine, as 
is the case, also, with the beta-particles from radhim. 


Coolitlgo, Science, 1926. 



CHAPTER XVll 

CATALYSIS IN ANALYTICAL CBKMLSTRY 

The recognition Lf the apiilicahility of catalytic operations to the 
pxirposcB of analytical chemistry dates from the earliest days of the 
investigation of catalysis Dohereiner s experiinents on the coin- 
hustihility of oxygen-hydrogen mixtures in presence of platinum wire 
and Sir Humjjhry Davy’s paralhl researches on the ignition of coal 
gas-oxygen mixtures hy means of fine platinum wiies introduced into 
them at a temperature below the ignition jiomt, were both of especial 
and recognisable signihcance m the problem of tin' anahsis of gaseous 
mixtures indeed, already in 1821, Turner, m a communication to 
the Royal Society of Edinburgh, published in the Edmlmrgh Philo- 
so])hcnI Jomval} had discussed the experiments of Dohereiner and of 
the ])ossible extension of his method to the ]iromotion of combination 
between other gases such as h}dTOg('n and chlorine or iodine Turner, 
moreover, envisaged the jiossibihty of a separation of gases by means 
of fractional combustion, but was unsuccessful in his attempts Im- 
mediately afterwards, the studies of W Ileiiiy ' demonstrated the usi' 
of platinum in fractional combustion m a series of n'searches still 
of remarkable and fundamental import to the student of catalytic 
processes 

In a similar manner, the catalytic reactions were exploited m the 
direction of analytical application, either rpialitativc oi quantitative 
The discovery of the efficacy of platinum as oxygen earner found 
manifold developments Thus, Dobereiner’s demonstration of the 
oxidation of alcohol to acetic acid in jireseiicc of platinum or indium 
sponge * was later apjilii'd as test for alcohol ^ Rose,® recognising the 
accelerating action of iilatinura on the combustion of organic sub- 
stances, recommends the addition of platinum black in the determina- 
tion of ash in combustible matter, the principle being later extended 
to other contact substances— for example, ferric oxide® and silver.^ 

‘ 1824. 11, 09, 31 1 Pint Maq . 182.5, 66, 269 » Schu'aggcr 4 J , 1831 (m ), 63, 476 

* Cnrstanjdi, Jneotsen’s Chem Teehn Report, 1863, 2, 92 

* Hmid d anal chem , IS.'U, 2, 775 

* Graogcr, Ann ('him , 18.50, 111, 124, Mullen, J pr ( kern, I860, 80, 118 

’ Knatner, Zeilxch angetn Chem , 1889, 2, 205 
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Copper and its compounds were early recognised for their catalytic 
properties, and found application in analytical operations, chiefly in 
gas analysis, organic, analysis, aiul as accelerators fhr solution processes. 
Thus, Williams utilised the copper-zinc couple^ for reduction and 
estimation of nitrates. The siccative action of metallic lead, dis- 
covered by Chevreul,^ was the forerunner of the numerous analytical 
. methods for the determination of the oxidation of drying oils. The 
decomposition of hydrogen p(Toxides by finely divided platinum 
metals, anotlier of the catalytic reactions already known in the 
Berzelius period of activity in matters catalytic, was also applied later 
to the gas volumetric determination of the peroxide,^ especially in 
solutions containing organic substances. 

With the application, however, of the concept of reaction velocity 
to a study of catalytically acceh^rat(Ml reactions, immense impetus was 
given to the analytical apjdication of catalysis, both in its (pialitative 
and quantitative aspcicts. Tlie scope* of the investigator was gradually 
extended by a variety of new catalytic reactions, with which it was 
possible to demonstrate the pr(*sence and amount of acids and bases, 
and salts such as iodides. This develo|)tnent led naturally to a more 
fundamental and far-reaching study of tin* catalytic, n'actions, the 
influence of conc(*ntration, of non-essential materials whiidi were present, 
of the retardation or negative catalysis that might occur, as well as to 
the mechanism whereby tlie acceleration of the reaction occurred. All 
of which has contributed to a very copious literature whicli it would 
be impossible, even in the scope of the whole of the pres('nt volume, to 
record and detail. It seems apposite, however, to outline thcj various 
broad developments of the application of catalysis to analytical 
chemistry and to do so m sections dealing respectively with catalysis 
in gas analysis, in inorganic and in organic analysis, botli qualitative 
and quantitative, as well as in the applications of physico-chemical 
measurements. 


Catalvsis tn Gas Analysis 

Analytical combustion processes.— The analysis of combustible gases 
by catalytic means is a matter of the utmost simplicity, when such 
combustible gases are present singly in a given mixture. Thus hydro- 
gen, in mixtures of non-combustible gases containing oxygen, may be 
estimated by combustion in the presence of finely divided palladium 
or palladised asbestos even at the ordinary temperature, though 
naturally the velocity is usually accelerated by raising the temperature. 
This constitutes the modification by Lunge and by llempel of* the 
original investigations of Turner, jireviously cited, in which researches 
it was shown that with the aid of platinum balls {mixtures of clay and 

1 Analyst, 1881, 6, 36. ^ Traite des corps gras, 1823. 

® Ebcll, Zetlsch. d, Veretns DeutscL Ing., 1881, p, 20. 
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platinum) quite mmute quantities of hydrogen or of oi^ygen in mixtures 
of the two could readily be deterndned, even in mixtures the concen-. 
trations of which w6re such that explosion methods were not available 
The composition of the gas is readily deduciblc from the observed 
contraction. 

In a similar manner, carbon monoxide may be determined by" 
combustion with excess of oxygen m a heated capillary tube containing 
palladised asbestos, the percentage being determined in the absence' 
of other combustibles by the contraction in volume observed after 
passage over theyatalyst In presence of hydrogen, the quantity of 
carbon monoxide consumed is readily obtained by absorption in alkalis 
of the carbon dioxide produced The method m tlic case of both 
hydrogen and carbon monoxide is by no means restricted to the use 
of the platinum mkals as catalytic agents, although these have mainly 
been employed in actual analytical practice For, it can readily be 
shown that many other agencies will effect the catalytic combustion * 
of hydrogen or carbon monoxide -Thus copper oxide, when suitably 
prepared by alternate reduction and oxidation at low temperatures, 
will readily catalyse the combustion mixtuios of these gases and oxygen 
or air at temperatures below 200“ Jones and Taylor ^ have shown that 
small quantities of oxygen m carbon monoxich' may be quantitatively 
converted to carbon dioxide m jiresence of active reduced copper 
even at 0° C Finely divided nickel is an extn'inely efficient catalyst 
for combustion of hydrogen and oxygen at eoinparatively low tempera- 
tures Ignited bog-iron ore has also been einjiloyed for low-temperature 
combustion of carbon monoxide and hydiogen 

Of the hydrocarbons, it was demonstrated by Henry that ethylene, 
when mixed with sufficient oxygen, began to bum in contact with 
platinum sponge at 250°, and was completi-ly oxidised at 270° He 
further found that methane began to oxidise at temperatures just 
above 290° This observation, however, is m sharp contrast to the 
results of Richardt,^ who found no combustion at 450°, and negligible 
combustion in a rapid stream of methane-air mixture through a palladium 
tube even at 600°-650° Coquillon ^ applied the method to the deter- 
mination of methane in the air of coal-mines, using electrically heated 
glowing platinum or palladium The method was developed by 
Winkler^ and by Dennis® with a view to avoiding combustion of 
nitrogen at the high temperatures attained by the platinum spirals 
during combustion The same reaction was made use of by Liveing ® 
in an effort to determine methane in suspected mine gas by eompanson 
of the light intensities of two identical spirals heated by the sabjei 
curtent — the one burning in air, the other in the mine gas, I 

Normally, the sulphur-containing gases present in illummatmg and 

' J nysrcal Chem , 1923, 27 , 823 ^ J f QoMtucht , 1904, 47 , Sb6, 690. , ' 

• Comyt retd , 1877, 84 , 458 * Lehr d techi Oasandyst, 1901, p IpO 

* See Hempel’e Qaa Analysis ' Phil May , 1880 (v ), 9, 126 
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gages S,rte determined by a- catalytic reduction process.^ Tlieir , 

. Ostln^ation, bo|vever, by a catalytic combustion process was worked out * 

; t by. Vj^lentin,^ who passed the gases admixed with air over platinum 
,sppnge! heated to redness in a porcelain tube, the oxides of sulphur;/ 

, bdth di- and trioxide, being collected in absorption liquids, completely 
' piddised to sulphate, and then estimated. Various modifications of 
. 1 this procedure have been suggested. 

Preferential combustion. — The princijial facts u})on which the 
' preferential combustion of gases, as employed in gas analysis, are based 
have been already given in the preceding section. It is to Henry* 
that we owe the first fundamental investigations ()*f the subject, and 
upon his methods are based the modern developments of tlie processes 
of preferential combustion, more especially as worked out by Hempel.^ 
As, normally, absorption methods are used to eliminat(' such gases as 
carbon monoxide and the unsaturated hydrocarbons from the mixtures 
* to be analysed, the main use of preferential combustion is in the analysis 
of mixtures of hydrogim and nK'thane. For this j)urpose Hempel 
substituted palladium for the platinum employed by H('.nry, and it was 
shown that at temperatures not greater than KXF the hydrogen could 
be burned without the simultaneous oxidation of any metliane. Care 
must be exercised, however, that the reaction does not become so 
energetic as to cause local overheating, since, already at 200®, methane 
starts to react with oxygen. With natural gas the metliane is associated 
with ethane and occasionally even higher homologucs. Fractional 
combustion, using palladium, is here also applicable ; the alternative ' 
method of Richardt,^ using a heateil palladium wire at carefully 
controlled temperatures, gave less favourable r(‘sults. 

Copper oxide at 25(F will oxidise hydrogen preferentially, methane 
being completely unattacked,® and this method is fr('quontly recom- 
mended, as it does not involve the addition of oxygen, and, in the 
subsequent combustion of methane at a higher temperature, the possi- 
bility of simultaneous combustion of nitrogen is eliminated. Obviously, 
in such circumstances, the reaction is no longer catalytic, but it would 
doubtless emerge, on examination, that the preferential combustion 
could be conducted catalytically with copper oxide as contact agent if 
oxygen or air in excess were added. 

In a recent paper ^ Bancroft has given an admirable survey of the 
problem of preferential combustion, more especially from the viewpoint 
of selective action of the catalytic agent. As the question is not > 
without considerable interest, not only from the standj)oiut of analytical / 
dhemi^try but also from the theoretical point of view and its possible 
^chnical applications, it is opportune here to summarise the conclusions 
reached and to outline briefly the possibilities which they suggest. 

-/f ^‘8ee p. 473. ® Chem. Neus, 1868, 17/18. 89. ^ Loc. cit. 

* Ber., 1879, 12, 1006. * ZeiiscL anorg. Vhem., 1904, 38, 63. 

^ ^ J^ger, J. /. Ouabekucht., 1898, 41, 764. ^ J. Physical Chem., 1917, 21, 644. 
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From a rAsuine of the work of Henry, Bancroft shows that, m 
contact witli platinum, hydrogen burns more readily than ethylene, 
which in its turn is oxidised before methane This is associated by 
Bancroft with the absorptive powers of the platinum for the several 
gases, hydrogen being the most strongly absorbed From the observt- 
tions of Lunge and Harbeck ^ it is concluded that carbon monoxide is 
retained most tenaciously by platinum and that in consequence it 
burns more readily than liydrogen in contact with platinum, which is 
confirmed by the w'ork of Henry on mixturi's of carbon monoxide, 
hydrogen, and oxygen at temperatures of 150°-17()” Henry showed, 
however, that, wIkui fired liy the spark, the prejjonderance of oxygen 
was taken by the hydrogen, and not b) the carbon monoxide, a result 
which was later confirmed by Bunsen ^ 

Discussing subsequently the researches of Bone and his co-workers,® 
Bancroft points out that tlu' above conclusions aie not to be considered 
anomalous For, Bone succeeded in showing that methane readily 
oxidises when heated with oxygen in borosilicate bulbs to between 300“- 
400° at velocities enormously greater than does hydrogen under the 
same conditions Fxfs'rmients by Hone on tlie explosion of methane 
and hydrogen with quantities of oxygen inadequate foi complete 
oxidation of both gases showed, moreover, tliat the metliane disappeared 
preferentially in sm h eircumstances In other words, it apjiearcd that 
methane was oxidisiul preferentially when burning away from a surface, 
and that hydiogen disappeared first in contact with ageiicu's such as 
platinum or copper oxide In olher words, the nature of the contact 
surface determined the order (d eomlnistion, winch conclusion is 
rendered more piobabli' from the fact tlial, (amtrary to the results 
with borosilicate glass, hydrogen bums more readilv than methane m 
contact with chamotte at 500° 

The influence of the contact agent is further (‘mpliasised from the 
researches of (*alvert, who showed^ that oxygmi adsorlied by boxwood 
charcoal oxidises ethylem' to carbon dioxidi' and water at the ordinary 
temperature , and, since charcoal has little efli'ct on a mixture of 
hydrogen and oxygen, it semns probable, according to Bancroft, that 
charcoal would cause jireferential burning of ethylene in a mixture of 
ethylene and hydiogen The conclusion is therefore reached that by 
suitable choice of catalytic agent it should be possible to realise all 
the various altcinatives of preferential combustion The extraordinary 
possibilities which such a conclusion would entail needs but little 
emphasis in order to be comprehended For it is obvious that, granted 
a successful result from the sgarch for a suitable catalytic contact 
agent, many industrial problems jmght find an easy solution In this 
connection it may be observed that, m technical practice, there is 
already one example of preferential combustion in operation, namely,, 

1 Zeitxch anorg ('km , 1808, 16, SO * (hs Abh., 1904, 2, 58G 

* J Vhm Hoc , 1902, 81, 535 cljj * J Vhm Soc , 1807, 20, 293 
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in the removal of sulphuretted hydrogen from illupiinating gas, by bog- 
iron ore absorption with simultaneous revivification v'n situ by addition 
of air, In this case the hydrogen sulphide* is prcfe?(‘ntially oxidised at 
the ordinary temperature to sulphur. Rideal and Taylor ^ applied the 
principle of preferential combustion of carbon monoxides in hydrogen 
to the determination of the former gas in large quantiti(‘s of the latter. 
A catalyst containing iron, chromium, and cerium oxidi's was used at 
a temperature of 250° C. Copper oxide specially activated, or ‘‘ Hop- 
calite ”, a manganese dioxide-copper oxuh*, mixturi', can also be used at 
a temperature of 100° C. Tire carbon dioxide producial was absorbed 
in lime-water, or, preferably, in ammonia solutions,- and its concen- 
tration determined by the change in conductivity of the solution. 

Gas analytical reduction processes. — An imijortant. application of a 
catalytic reduction procciss in analytical work is t^ be noted in the 
method for determination of carbon-sulphur compounds in gases by 
• reduction in presence of jdatinisi'd pumice to hydrogim sulphide, this 
latter being subsequently determined by any suitable method. The 
reduction takes place in contact with tin*, finely dividi'd metal at tem- 
peratures as low as 3()0°-350°. According to Lunge, however,® the 
method gives results of but moderate accuracy, since, if oxygen be 
present, oxidation of the hydrogen sulpliide to sulphur occurs, with 
consequent low results. The nu thod is, howi'ver, rapid and con- 
venient, which cannot be claimed for the usual ” ri'feri'e test ” for 
total sulphur, in which a measured (piantity of gas is burned in a small 
burner, the sulphuric acid in tin* products being absorbed and ('stimated. 

By comparison with the discussion on tin*, removal of combined 
sulphur on the L'chnical scale, given in Chapter VII., it will be si'cn 
that the catalytic dccomjiosition of carbon-sulphur compounds is not 
confined to the platinum metals, but that nickel and iron, oxid(! of 
iron, pumice, and fireclay all assist the reduction ])ro(;(‘ss : at, however, 
more elevated tiunperature.s for (piantitative n'sults. 

Vogel ^ recommended a catalytic jiroce.ss for the (pialitative detec- 
tion of combined sulphur in illuminating gas. Tin* ti'sb consisted in 
passing the gas through a heated tube containing strips of copper to 
retain the sulphur, which, on dissolving in nitric acid, gavi* a solution 
containing all the sulphur in the form of sulphate. 

The method of Knorre and Arendt ® for the determination of nitric 
oxide by reduction with hydrogen in a heated platinum cajiillary tube 
is another applied catalytic process. By slow jtassage through the 
heated tube, the reaction occurring is given by the eijuatioii 

2NO + 2H2-2H2O + N2. 

There is a possibility of error, however, in that the reaction, if conducted 

^ Analyst, 1919, 44, 89. 

2 a. B. and H. S. Taylor, J Ind. Eng. Chem , 1922, 14, 1008. 

® Technical Oas Analysis, 1914, p. 2, 56. 

* Ber., 1869, 2 , 741. » ^ 33 , 213(3 ^ 33 ^ 32 . 
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‘■'too i^mckly, may ^proceed tc) the production of some ammonia, witli 
* consequent variation of tJie volume relationships upon which the 
, method of estimation is based. , ^ 

In a similar manner nitrous oxide may be estimated, the reabtion 
occurring being 

Owing to the difference in the two volume changes, this method can be 
ajiplied to a mixture of both nitrous and nitric oxides 

Acfonling to Tri'iwlwe]],^ FoUak has ^hown that carbon monoxide 
may be used as l^ho reducing agent for nitric oxide provided the carbon 
dioxide be absorbi'd a.s it is formed 

Dissociation processes— The catalytic dissociation of nitrous oxide 
into its component elements has been recommended by Winkler,^ cited 
by Wokcr ^ The gas, when passed through a heated platinum capillary, 
18 converted into mtrogeii and oxygen 

2N20-2N2+0.i, 

and, from the increase in volume, the quantity of nitrous o.xule may be 
determined Obvioiislv, liowever, if hydrogen be presimt, the previously 
discussed reduction will occur 

As IS well known, most metals, evim at the ordinary temperature, 
accelerate the decomposition of ozom', or are converted by it to per- 
oxides Tims, tlic action is marked m tin' I'asc of mermiry, which, 
after treatment therewith, adheres in thin films to a gla.ss containing 
vessel The conversion of bright metallic sdver to a black superoxide 
IS employed as a method of detection of the gas Li'ad, copper, nickel, 
and cobalt are similarly attacked, as well as many of the lower oxides, 
which are converted to peroxides, as, for exainjdo, lead and manganous 
oxides Manehot has studied, m eonnoction with tlie action of silver, 
the catalytic acceleration ol tlu' jiioeess by the presence of iron, and 
has shown that the minutest traces of this metal, prcferaibly m the 
form of oxide, facilitate both the formation of the black peroxide and 
also the subsequent dccomjiosition of the remaining ozone by means of 
the peroxide, The blackening is obvious, even in solutions containing 
but one part of ozone in 10,000 parts of the solution, and, with its 
aid, the presence of ozoiu' in the liotter parts of gas flames is readily 
demonstrable 

Ozone m presence of finely divided platinum is completely decom- 
posed, yielding oxygen With this fact in view, Toraraasi ® suggested 
the determination of ozone in presence of chlorine and nitrous acid by^ 
the difference in titration of two standard ferrocyamdc solutions when 
treated with samples of gas, with and without the previous dedom- 
position process with platinum sponge 

1 ‘ Yol II p 367 ^ Anktt z chem Vnkrmch d Indmtnegm, 1893, p. '42T 

* KuUdysetnd anal Chem, 19lr), p 347 , ^ 

' * Ber, 1906, 39, 3510 , 1907, 40 , 2891 , 1908, 48 , 3948 ^ Chem News, 1879^ 89 , 284 , 
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A 0,886 o£ preferential decomposition studied fey Bichter * illustrates ,> 
th^ ^naly^cal application of catalysis by nickel. It, was shown that , 
a jni:^tur6 of ethane, methane, and hydrogen the 'action of a heated - 
iiickel^spiral brought about the decomposition of ethane to carbon and 
^y^rogen. The methane, however, is slightly attacked if tlie reaction 
be carried to completeness. The tendency of ethane to decomposition 
into' the elements is illustrated by Bone’s experiment,'^ in which an . 
explosion of a mixture of ethane and insufficient oxygen yielded a ,, 
dense cloud of carbon. Mixtures of ethylene, liydrogen, and okygeh, 
and of ^acetylene, hydrogen, and oxygen with the. same total carbon : 
hydrogen : oxygen ratio as in tlm ethane experiments, yiekh'd prac- 
.tically completely carbon monoxide and liydrogen witli little or no 
steam formation — another example of preferential combustion similar 
to those previously discussed. * 

Absorption processes. In the absorption processes of gas analysis, 

' by far the most important case of catalysis is one of inhibition, the ^ 
retarding action of gases on the absorption of oxygen by phosphorus. 

■ In the analysis of coal gas, it is well known that the use of the phos- 
phorus absorption pipette is not advisable, since traces of unsaturated 
hydrocarbons paralyse the activity of the ])hosphorus. Lunge ^ states . 
that among the substances interfering with the absorption of oxygen 
are, according to Davy, (Iraham, and Vogel, hydrogen sulphide and 
phosphide, carbon disulphide, suljihur dioxide, iodine, bromine, chlorine, 

' nitrogen peroxide, ethylene, acetylene, ether, alcohol, petroleum, oil of 
turpentine, cupione, creosote, benzene, ammonia, alcohol, tar, and 
many essential oils. Ethylene in concentration of 0*25 per cent by 
volume, it is further stated, is sufficient to produce the clfect. Haber ^ 
found 0*17 per cent sufficient, while Hempel is of opinion that 0*04 per 
cent is sufficient. A considerable controversy has revolved around ; 
the supposed retarding action of methane and the higher saturated 
hydrocarbons. The experiments of Brunck, however, would seem to 
oppose the view that these act as negative catalysts, since it is stated 
that the disturbing substances can, in most cases, be, rimioved by 
previous treatment of the gas with fuming suljihurie acid. 

The mechanism of the retarding action is quite unexplained. 

' Centnerszwer ^ associates the action with the unsaturate.d character of 
the inhibitors. Bancroft,® in a general discussion of catalyst poisons, 
shows tllat it is ’possible to “ account for all the cases that have been 
considered if we postulate suitable and not improbable adsorptions ”, 
the poison being preferentially adsorbed and decreasing the normal 
adsorption in absence of the poison. The case of phosjihorus, however, 
is not included in Bancroft’s survey. * 

; ;An error in the oxygen estimation by phosphorus absorption may 

^ piss.; Dresden, 1909. * Proc. Roy. Iml., J90S, 19, 82. • 

q * Technical Oa^ Analysis, 1914, p. 121. * HabUttalionsarheK, Muiiicl), 1896, p. 97. 

Zeitsch. physikal. Chem., 1898, 26, 21. « ./. Physical Vhem., 1917, 21, 734:* 
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be attributed to catalytic influence It is found, according to Bau- 
mann ^ and Leed^,^ that carbon monoxide is oxidised by oxygen to 
carbon dioxide in presence of phosphorus This was denied by Remsen 
and Reiser,® but reiterated later by Baumann ^ and by Boussingault,^ 
who, however, showed that the amount was exceedingly small, and has 
been attributed to' the ozonising action of phosphorus on oxygen 
Of catalytic accelerators in absorption processes, mention may first 
be made of the addition of alkali to pyrogallol m order to promote the 
rate of absorption of oxygen Originally discovered by Uobcreiner, it 
was introduced into gas analysis by Liebig, and provides an absorption 
agent of high efficiency The addition of mercury sublimate to alkaline 
solutions of pyrogallol in order to accelerate the absorption of oxygen 
has also been proposed •’ Its use, however, increases the possibility of 
carbon monoxide' formation fiom the pyrogallol, which has been shown 
by a number of investigators ^ to hinder exact work, unless the carbon 
monoxide can be removed prior to the taking of the volume reading « 
The addition of vaiiadic oxide or of uranyl sulphate to strong sul- 
phuric acid (sp gr 1 84) is recommended by Li'beau and Damiens ® as 
a rapid absorption agent for olefines in place of fiiimng sulphuric acid 
Lornmcl and Kiigelhardt ^ have recently churned that silver sulphate is 
an excellent accelerator of reaction between ethylene and sulphuric 
acid. They state that addition of ethyleni' to the silver salt occurs as 
a first stage in the jirocess They suggest that tin* ethylene tension 
IS so dimmishi'd that the method may be iisi'd foi analytical purposes, 
if phosphoric acid is added to the silver salt solution 'V trial of their 
proposed solution did not, however, give one of the authors (H S T ) 
as satisfactoiy results as the bromine method 


CaTAIASLS in InORGANK' ANAIilSIS 

Oxidation processes,— Of considerabh' im[)ortanco m analytical 
technique, and at the same time of great inteiest from the theoretical 
point of view, is a series of volumetric operations in which jiotassiiim 
permanganate is employed as oxidising agent 'f'lie catalytic influence 
of manganese sulphate m all these reactions has long been known and 
studied Thus Harcourt and Esson observed the accelerating action 
of manganese sulphate formed during the reaction between potassium 
permanganate and oxalic acid, when conducted in presence of sidpriuric 
acid. A study of the kinetics of the process was made, jj^ which it 
was shown that, for a given time interval, the velocity of i eaction, m * 
presence of a constant quantity of permanganate but wuji varying 

* tier , 1883, 16, 1 146 “ Chem. News, 1883. 48, 26 

» Amer Chem J , 1883. 4, 454 * Ber . 1884, 17, 283 \ yj 

‘ Compt rend , 1864, 68, 777 Ktassana, CompI rend Soc de Bwl , 19051 96 

’ See CIowcB, Zeilsch awl Chem , 1897, 36, 604 ® Compl rend , 1913, 156,\557 

• Bet , 1924, 67, 848 . B P 185787 Fhil Trans , 186G. 166, %! ’ 
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amounts of oxalic acid, sulphuric acid, and manganese sulphate, was 
proportional to the amounts of sulphuric acid and Ynanganese sulphate 
initially present, and also dependent on the quantity of oxalic acid, 
but in no simple proportionality. It was shown that, with oxalic acid 
in excess, permanganate disappeared with time in accordance with the ' 
unimolecular la>v. • 

At a much later period Schilow reinvestigated the reaction kinetics.^ 
He showed that, with the oxalic acid in gr<‘at exc(‘ss, the progress of 
the reaction can be expressed by the velocity e(| nation 

where a denotes the original permanganate concentration, and x the 
amount converted into manganese sulphate in the time t. With initial 



Kig. lm*). 


concentration, h, oi manganese suli)liate, the reaction equation would 
therefore be 

7^k{h + x){a-x), 
at 


It can be readily demonstrated mathematically in regard to the former 
of these two equations that the maximum velocity is attained when 


a 



and in the second case tlu^ same is true when 
a - b 

This con 9 lusion was experimentally verified in both cases, it being 
shown that, starting slowly, the rate of reaction steadily increased, 
until, at the period of half-decomposition, it attained its maximum 
and then fell away. The plot of an experimental curve in an experi- 
ment in initial absence of manganese sulphate is given in Kig. 26. The 
1 Ber., 1903 , 36 , 2735 , 
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' jeaction fbrmS, therefore, a btohtiful teample' of indu^fipi}^ in which 
, ' it must be observed 'that the phenomenon, is due to the autoproduetion 
pf catalytic agents, and not, as in the hydrogen-cblonne combination, 
to the progressive displacement of retarding agents 

Schilow concluded from these studies that the concentration of 
oxalate, so long as it was in excess, practically did not influence the 
reaction, and that what was being measured was the velocity of the 
reaction between the higher and lower states of oxidation of manganese. 
The equations representing this view would be 

(1) Mn(()ll)j + 2COOH = MnfOHjg i fCOj + fHjO (very slow) 

(^OOH 

(2) Mn(OII)3.,4 200011- Mn(OII)j 2(!00II (extremely rapid), 

COOH COOH 

(3) Mn(0H)7 + Mn(0H),j 2(C00H).^ 

= 2Mn(0K)j I 4(!0.j Fill/) (measured) 

The last reaction a])])arently, according to iScliilow, may represent the 
sum of two successive reaclrion.s 

(за) Mn(011)7 i-Mn(OII), 2(OOOH)2 

= Mn(0H)6 + Mu(0H)„ 2(00011)2 (measured). 

(зб) Mn(OH), 2((T)OH)2 1 MiflOII),, 

= 2Mn(01T)j I fOO^H- 411.20 (extremely rapid). 

It is, however, to lie understood, according to Schilow, that the 
above scheme of reaction <ip[ilip,s only to the particular conditions 
chosen by him Alterations in the acid concentrations employed, 
raising the temjieraturc above 2.5°, and the addition of catalysts such 
as iron, chromium, and silver salts, would all tend to increase the 
velocity of the first reaction, and lead, therefore, to a different velocity 
equation of tlie form 

LiX(a-x), 

6 in this equation referring to the concentration of oxalate, /r^ and 
to the constants of the equations (1) and (3) 

Schilow extended these studies ^ in Ins researches on the coupling., 
of chemical reactions, and concludes that the above conclusions are 
appbcable generally to permanganate oxidation of such oxy-acida, - 
€ g tartaric acid, as show a tendency towards complex formation > 

A somewhat different conclusion is reached by SkrabaP’ He 

• Zeilsrh phymlul Lhm, UK) J, 42, CGI 

- Zeilsch amil Chem , JilO.l, 42, JJ!) , Zeilscli anonj CAtw, 1904 , 42, 60 , ZeUAj^kfo* 
cAcw , 1905, 11 , 653 , 



agonies, ^ like iPohflbw, aa intermediaW stage of oxidatiba and an 
intc^j^cdiat^ producUi ^6 manganic ibn, which reatts t^ith oxalic acid 
, more rapidly ^han the permanganic ion. He distinguishes three periods 
in the reaction : ( 1 ) The incubation period, in which permanganate 
and oxalic acid interact to give carbon dioxide and manganic ion, 
which latter reacts extremely rapidly with further oxalic acid to give 
the manganous salt and more carbon dioxide. The reactions would be 

KMn04 f COOH — y Miv + (!02 (measurable). 

COOK 

Mn“‘ + COOH — y Mn{OH)2 + COj (extremely rapid). 

COOH 

(^) The period of induction, in which the manganous oxide and 
.permanganate interact to yield the manganic ion, wliicli reacts, as 
above, but which tends also to form an oxalate complex and the 
oxidation stages Mn^^ and Mid'', according to the scheme : 

Mn(OH)2 + KMn04 — ( 1 ^-^ rapid). 

Mn”' + (C00H)2- — > Mn(0H)2 + C02 (extremely rapid), 

Mn*“ + (C 00 H) 2 — >- Mn(OH)3C00H (extremely rapid). 

■| 

COOH 

Mn”' — > Mn( 0 H )2 + Mn( 011)4 (extremely rapid). 

( 3 ) The end period, which is twofold in nature, corresponding with 
the disappearance of the; manganic-oxalate complex and of the conver- 
sion of Mn^^ and Mn^'' to manganous oxide, the retardation in the end 
period being attributed to the slow decomposition of the manganic- 
oxalate complex ; 

End period {a). 

Mn(OH)3 . COOH — y Mn” (measurable). 

' ■ I ■ 

COOH 

Mil"' + COOll — Mn(OH)2 -l- CO2 (extremely rapid). 

COOH 

End period ( 6 ). 

-Mn(OH)2 + Mn(OH)4 — > Mu’” (less rapid). 

Mn‘” -1- COOH — y Mn(OH)2 + CO2 (extremely rapid). 

y;C!OOH 
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OH 

The permanganate titration of iron m presence of hydrochloric acid — 

Lowenthal and Lennsen showod that m titrating ferrous iron with 
permanganate solution, more permanganate was required than theory 
demands if the iron solution was acidified with hydrochloric acid, and 
that this could he ex|)lamed as being due to an induced reaction 
of the type studied by Kessler^ Interaction occurred between the 
hydrochloric and permanganate with production of chlorine, thus 
using permanganate in excess of that required by the iron This 
reaction, which ordinarily would not occur, is induced by the simul- 
taneous oxidation of tlie ferrous salt, the reaction being representable 
by the. equation ■ 

IGHCl + 2KMn(),- 2Kf1 + 2MnClj i 501, f 2 IT 2 O 

Kessh‘r showed^ that the addition of niangaiiuus salts prevented 
chlorine evolution The reaction was careliilly studied by Skrabal,^ 
who associaled the chlorine ])indii(tion, as had Zimtnermann pre- 
viously,''’ with th(' formation by the peiiniinganale of a higher oxide of 
iron, which, aceonlmg to Mauchot,'’ was to bo regaided as bVjOj The 
two reactions occiiriing would therefore be (u), the mam reaction, 

he^Oj I IFc-.liFe/),, 
and {!>), the induced reaction, 

Fe 205 + 4H(1-Fe2()jf2fU) + 2(l2 

Within limits, it was shown that, with rising ferrous loii concentration 
and decreasing hvdrochlonc acid concentration, the excess perman- 
ganate required was decreased 

The addition of manganous sulphate, it was sliowm, corrected the 
tendency to chlorine production, not by a rcia,rding mlliiencc on the 
induced reaction, but by its strongly catalytic (diect on the iron oxida- 
tion process, giving it a velor ity so great that negligible quantities only 
of hydrochloric acid have thi' time to oxidnso Skrabal showed that 
the theoretical aspects of the oxidation jirocess gave results as to mode 
of o])eration which were in substantial agreement with those actually 
found in analytical practice 

Treadwell gives data of Zaiumermann and Reinhardt for per- 
manganate titration of vanadium in presence and absence of iron 
Muller ami Diefmithaler carry out the process in hydrochloric acid 
solution witli addition of manganous salts, which accelerate the, primary 
reaction as m the case of iron just considered The corresponding 
reactions with tungsten and molyhdcnum were investigated by van 

\ /jeil‘>ch mud f'hcm . ISOI, 1, StO, J pr Clim , 18(12, 86, 1113 

® VotjJ Ami , ns 96, 96, 113, US) 119 

' lind, 1861, 118 48, 119, iJI 

* 'Anlsck ami Chan , 1901, 42. iVl , Zettwh amirg Cliem , 19(14, 42, 48, 76 

’ Her, 1881, 14, 779, Zatich anal Chim,m2, 21, 307 

1 Anmlm, 1902, 325, 93 ' Ze,itseh anorg Chem, 191), 7ii 343. 
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der Pfdrdten.^ Follenius^ showed that with uranium salts the same 
induced reaction occurs, and Zimmermann ® showed the importance of 
addition of the manganous salts in the titration psocess. In the well- 
kppwn Volhard method for permanganate determination of man- 
ganese,^ which subsequently has been modified by a considerable 
number of analysts, manganese sulphate acts similafly as an accelerator 
the reaction occurring according to the general e(juati{)n 

2 Mn 04 ' -f 3Mn-' + -> GMiiO^ + m\ 

In the previously cited research of Skrabal ^ a theoretical investigation 
is made of the low results which may be obtained, ddiese latter are 
due to the incompleteness of the oxidation of the manganese to dioxide, 
owing to simultaneous precipitation of unoxidised manganous oxide 
with the dioxide. According to Skrabal this pr(‘t*i|)itation tends to 
occur owing to the decomposition of the manganic oxide formed in the 
first stages of oxidation : 

• 4Mn ‘ f Mn 04 ' -4 811' = 5Mn ’ + 41120. 

The trivalent manganese then decomposes according to equation : 

2Mn ■■■ — + Mn ■■ +Mn ’. 

The analytical methods (miployc d have, as their aim, the suppression 
of the precipitation of the manganous oxide, which rea(;ts with further 
quantities of permanganate until completely converted into the dioxide. 

Finally, tlie same catalytic phenomimon is to be observed in the 
titration of hydrogen ])croxide solutions with j)ermanganate, and in 
the titration of sulphites. In the latter c,ase Ilonig and Zatsek® 
express the opinion that low results are due to formation of a certain 
amount of dithionate, which Milbauer " projmses to suppress by working 
with excess of })ermanganate, strongly acidified with sulphuric acid, to 
which the sulphite solution is added, the excess permanganate being 
titrated by oxalic acid solution. 

Ferrous sulphate may be employed as accelerator in the qualitative 
test for hydrogen peroxide. The liberation of iodine from potassium 
iodide solutions by hydrogen peroxide is ordinardy an extremely slow 
process ; by addition of fernms sulphate the reaction ])roceeds rapidly, 
and is also extremely sensitive, so that minute traces of the peroxide 
may be detected.® The peroxide-iodide reaction is inhibited by acids, 
and docs not occur, even in presence of ferrous sulphate, in acid solu- 
tions. If, however, a ferrous-copper sulphate mixtunj is employed, the 
sensitivity of the test is restored, a remarkable case of activation. 

^ Ann. Chirn., 1884, 222, 137 ; ZeUsch. anal, ('hem., 1884, 23, 41,3. 

2 Zeitsch. anal. Chm., 1872, 11 , 179. » 18g2, 213 , 285. 

Ihid., 1879, 198 , 318. * Zcttsch. anorg. Chem., 1904, 42 , 60. 

“ Monatsh., 1887, 4 , 738. ’ Zeitscli. amd. Vhm., 1909, 48 , 17. 

* Sclidnbnu, J. pr. Ghent., 1869, 79, 66. 
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' trice ^ noted the catalytic activity 'of ferrous sulphate in the 

interaction of potassium persulphate and potassium iodide 

• K 2 SA+ 2 Kl= 2 K 2 S 04 i-l 2 , . 

showing that the normal bimoleculat reaction was accelerated pro- 
portionately to the 'concentration of the catalyst, yielding, therefore, ,a 
velocity equation of the form v 

where c denoted the concentration of catalyst, and a and h the initial 
concentrations of the reactants The reaction occurring may ho 
applied to the analytical determination of the pcrsuli)hate 

Of further oxidation processes m analytical chemistry in which 
catalytic activity is invoked, mention may he made of the influence 
of alkalis in promoting oxidation processes Thus the oxidation of 
the arsenious to the arsenic stage by chlorine and bromine takes place 
rapidly in alkaline solutions 

Reduction processes.- -In the ojieration of reduction processes in 
chemical analysis with the hydrogen evolved by interaction of metals 
and acids or alkalis, the catalytic role is well illustrated 

As is well known, nitrates, nitrites, and chlorates may all he deter- 
mined analytically by reduction , in tlie first two case's to ammonia, m 
the last to chloride, followed by suhse'queiit estimation of the reduced 
product Furtlier, the rediution of solutions containing iron salts, 
prior to estimation by permanganate, is also an analytical operation 
of frequent and important use To eftect the reduction, numerous 
methods of generating tlic hydrogen have been adopted, both in acid 
and in alkaline solutions 

For the reduction of nitrates in acid solutions zinc was originally 
employed as reducing agent , Imt, owing to the tendency which is 
exhibited by this metal to yield the easily detomposed nitrous acid 
and the consequent errors due to loss of nitrogen, zinc has been aban- 
doned m favoui of iron Ulsch showed that reduction of nitrates, 
using iron and sulphuric acid, yielded ammonia quantitatively Without; 
the fornlation of the mternicdiate products It was found also that 
the ferrous siilpliaie produced m the course of the reaction : 

2KNO3+8Fc-f-10H2SO4=K2SO4-f8FeSO4-f(NH4)2SO4-t-6H2O, ■ 

accelerated the reducing action in marked degree 

In addition, however, to the catalytic influence of the reaction ’ 
products, the reduction phase may also be modified by the use of 
activated metals as agents for hydrogen production. In the ease 
of zinc, it was shown by Williams ® that m the determination of nitrat^ 

1 Zeilech ■phy.tkal Cktm , 1898, 27, 474 ^ 

a Ztkich anal Chem, 1891, SO 176 * Anahjel, 1881, 6, m ' 
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in water tlie substitution of a zinc-copper couple,* as orgiually eraploy^ed 
by Olad^tone and Tribe, for the ordinary zinc dust gave a reagent 
extraordinarily well suited to the purposes of reduction, and capa])le 
of further acceleration by addition of neutral salts and dilute acid's. ' 
1^8^^ showed that the corresponding copper-iron couple was a more 
,^ctive agent than iron alone, and in suitable circumstances could be 
operated at the ordinary temperature. The use of such an agent also 
pbasesses the advantage that the ferrous sulphate formed neutralises' 
the inhibitory effects wliich chlorides exert in the reduction of the' 

' nitrates. Schmidt employed a zinc-iron mixture in acid solutions. 

In a similar manner the use of the. zine-copper couple as agent for 
the reduction of chlorates to chlorides has Ix^cn studied and recom- 
mended by Thorpe and Eccles ^ and by Botliamh'y^and Thompson.^ 

The reduction of solutions of ferric salts by zinc amalgam in sulphuric 
acid solution is another application of the activated metal in analytical 
chemistry. Muller and Wegelin ■'* show that the reducing agent is 
eight to nine times more C()mj)lotoly used m the cas(; of the amalgam 
than with pure zinc, although tin* ri'action vMociiy is slower. By 
addition of copper sulphate solutions in minimal amounts, the reaction 
velocity of the amalgam may be so far aia’clcrated a.s to overcome this 
disadvantage, (■opper and silver in the metallic state, according to 
Muller and Wegelin, also catalyse the reduction of iron by zinc amalgam, 
presumably by interaction of the mc.tal with ferric iron : 

Cu-t Fe“ -Kc" 

and subsequent reduction to the metallic state of the zinc. 

, In the alkaline reduction of nitrates it was shown by Vernon 
Harcourt® that, using zinc and a([neous potash as ri'diicing agent, 
only three-quarters of tlie. nitrate was convertcnl into ammonia. On 
the other hand, if a mixture of zinc and iron was etn))loyed, reduction 
was colmplcto. In place of the zinc-iron mixture, zinc slightly covered 
with a coating of copper has also been employed. 

Keduction in alkaline, sqlntioii with aluminium results in complete 
conversion of nitrates to ammonia. Modern developments of the 
alkaline method, however, mainly employ a ternary alloy of aluminium, 
copper, and zinc, known as Devarda’s alloy, after the inventor.’^ The 
original alloy was comjiosed of 50 parts of copper, 45 parts of aluminium, 
and 5 parts of zinc. Later specifications suggest 39 })arts of copper, 

• 59 parts of aluminium, and 2 parts of zinc. The attack by alkali is 
very rapid and energetic, and, after a half-hour’s reduction, distillation 
' of the ammonia may be undertaken with quantitative results. 

' j Tlie use of sodium amalgam for reduction of nitrates is yet anerthoT 
' application of the principle of activation. 

^■ioC. cil.^ ® ritnn. Zeil., 1893, 17, 173. 

'JjahnCSoc., 1873, 26, 641. * ihid., 1888, 53, !G4. 

ami Ohem., 191 1, 50, 615. « Chem'. Hoc., 1862, 15, 385 ; 1863, 16, 289. 

' 1892, 16. 1952, 
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The theoretical exjilanation of the principle of activation is to be 
sought largely in the electro-chemical behaviour of such alloys as 
compared with the single metals As such, the matter has been fully 
treated elsewhere (Chapter XV p 424), and so it is not necessary here 
again to enlarge upon the point A further factor of possible influence 
has been emphasised by Bodlandcr,^ who associates catalytic activity 
m such cases with the rate and state of evolution of hydrogen from 
such metallic eoii])les It is at the metal surfaces that the reduction 
undoubtedly occurs, and the nature and composition of such surfaces 
may determine the nature of the hydrogen evolution and the participa- 
tion of the gas in the reducing action 


CaTAL'iSIS in OlUIANK' \n’AL\S1S 

Elementary analysis. Ilistornallv considered, the most important „ 
application of catalysis in organic anaUsis is to be found in the deter- 
mination of the composition of organic com[»ounds by methods of 
combustion Tlie familiar method of d('termiimig carbon and hydrogen 
in such materials by (omlmstioii with oxygen in jm'sence of copjier 
oxide IS at once a idassical ('xampl<“ ot catalysis and an operation of 
fundamental import to the orgaiiir chemist (fay-hussac in 1816 
employed coppei oxide m tlie analysis of line acid and the jnoccss was 
immediately tested and found applicable by Doboremer, Prout, and 
Beraud^ In all these eases, liowevei, the inalenal to be analysed 
was mixed intimately with tlii' eoppm oxide and tlius brought to 
combustion The model n developments of tlie process date from the 
time of Liebig, whose investigations of the operation determined the 
lines of subseipient procedure, (oiivertmg the process to one of com- 
bustion of tlio organic compound with oxygen m presoiico of the copper 
oxide as catalyst 

Modifications of the cojiper oxide method have lieen largely 
dcvelojicd during the past two decades, more especially in the direction 
of suhstitutmg for copper oxide, platiiinm, ni suitable form, as contact 
agent The adoption m many presimt-day lahoiatorios of the sim- 
plified method of analysis due to Dennstedt is evidence for the progress 
which such modifications have made 

The high activity of suitably prepared platinum m the oxidation of 
the’ products ot organic combustion was demonstrated hy Kopfer ® He 
employed a mixture of platinum black and asbestos m order to obtain 
a maximum surface effect for tlie contact material, and with substances 
containing carbon, hydrogen, and oxygen only, a combustion tube 
containing the substance m a boat followed by the platinum asbestos 
IS all that IS required besides the usual absorption agents for carbon 

' Fijlh Int Vimg App Vhem , ISKH [> hi') * 

“ Schu'ogger^ J , 1810, 16, 17 , 1818, 22 , 1820, 29 ■* 'AnlKli anal llht.m , 187,8, 17 
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dioxide and water. With nitrogen-, sulphur-, and halogen-containing 
bodies the usual absorption agents for such substhnees were required. 

Claesson^ utilised hoat(!d platinum in a nietjlod for determining 
sulphur in organic compounds. The substance; was burnt in an 
atmosphere of 0x3^011 containing oxides of nitrogen, which, on subse- 
quent contact with heated platinum, oxidised the»suljihur to sulphuric 
acid, which could then be absorbed in water and estimated. Claesson 
extended the process to the’ determination of halogens, and this was 
likewise proposed by Schwarz^ for the determi nation of bromine, and 
by Zulkowsky and Lepez ^ for halogens generally. These latter sug- 
gested platinised (juartz as contact material, tin* ahsorjition agent 
being ammoniacal hydrogmi peroxide;, which absorlied all the halogen 
acid produced in the jirocess and rcduc(‘d any fr<*e halogen formed to 
the corresponding acid, according to the e(piation , 

H 2 O 2 + X 2 - 2 HX t (>2. 

^Various experimental modifications of the use of jilatinum were 
made from time to time, 'riius the use of jilatinum coinliuation tubes 
was rcconmnmded,'* without, Iiowev(‘r, any considerable development. 
Electrical heating of platinum spirals has frc<|U(‘ntly been recommended,'’ 
The elaboration of the nuitlnxl of organic- analysis, employing platinum 
as contact material, is due, ho\v<'ver, mainly to the ri'searches of Deiin- 
stedt, who has succeedt'd in perfecting a method of analysis of organic 
compounds, wdiereby, in om* operation, carbon, liydrogen, nitrogen, 
sulphur, and lialogen may all b(‘ estimated. 

The essential principles upon whicli the Dennstedt method of 
analysis is based may be h(u.‘ outlined, tin; actual ex})erimental details 
being, however, (diminated, since these; are readily obtainable in the 
modern texts of ])ractical organic chemistry as w(dl as in the original 
literature.'^ The contact matiuial originally enqdoyed was composed 
of platinum (obtaiinal by ignition of tlic ])yridino double salt) or of 
platinised quartz. Ijater, use was made of thin jiieces of platinum 
foil, star-shajied and fitted on to a central strip of foil 6-8 cm. 
long. The. advantage of using foil over the fimdy divided preparations 
lies in the fact that minimal amounts only of sulphuric acid are retained 
by the foil, whereas using platinised asbe.stos marked’ amounts of the 
acid may be occluded, most probably by the asbestos as well as the 

' Zetlsch. anal Chem., 1S83, 22. 177 ; Her., J88«, 19 , 1!»10 , 1887, 20, 300.7. ” 

2 Momlxh., 1882, 3, 720. » Und., J884, 6, .0:i7. 

^ Gooch, Amer, dhem ./., 1880 88, 2, 247 ; Dudley, ibid , 1888, 10, 43.3. 

® Carrasco and Planchcn, Uazzdta, 1906, 36, 492 ; Brc-leau and Ixjroux, rend., 1907, 

145 , 524 ; Milsclisack and RoUi, Znheh. angew. Chem , 1914, 27, .5. , 

* Sw, for example, Dennsteill, Die EniwirMung der orgnnwchen Elrmentarnnah/se ; Ahreru 
Sanmlung, Bd. 4, Stuttgart-, 1899 ; Anleilung zur veretnfnrMen Elcwentaramhjge, Hamburg, 
1906 ; Zeitsch. angeiv. Chem., 1897, 10 , 462 ; 1904, 17 . .30 ; 1905, 18 , 320, 1134, 1.762 ; Zeilnch. 
anal. Chem., 1901, 40 , 012 ; 1902, 41 , .525 ; 1903, 42 . 117 ; 1906, 45 , 26 ; 1907, 46 , 26 ; Her., 
1897, 30 , 1592 ; 1905, 38 , 3730 ; 1906, 39 , 1623 ; 1907, 40 , 3677, 4300 ; 1908, 41 , 600, 2778. 
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platinum. .In the eatlier* forms of tipparatus, some few centimetres 
beyond the contact mass, in the coigWstion tube, were placed two 
weighed boats contslining finely divided silvet, which, in the operation i 
of the .process, wete heated to circa 300° and served to retain halogens 
and the sulphur, which, m the course of tluj oxidation process, had been 
converted to sulphuric acid Beyond these boats were placed two- 
weighed porcelain boats filled with lead superoxidc to absorb any 
sulphurous acid and nitrogen dioxide As was first shown by Henry, ^ 
lead superoxide may be used as absorption agent in sulphur determina- 
tions, and Warren ^ utilised this absorption for quantitative determina- 
tions Kopfer employed the same material for retaining oxides of 
nitrogen. The opoiating temperature for the lead peroxide is cuca 150° 
Calcium chloride and potash or soda-lime absorption apparatus are 
attached to the comjnistion tube for determuiatinn of water and carbon 
dioxide Tlie, addition of a bubbler containing palladium chloride 
solution to the end of the ap])aratus serves as an indicator that com- 
bustion IS complete, since mcomplele oxidation causes a blackening of 
tlie solution, due to reduction 

If, in addition to carbon, hydrogen, and oxyg('n, halogens alone are 
present, the increase, in weight of the vessels eontaiiung silver gives 
the amount of halogen jueseiit If nitiogon bo presmit but not sulphur, 
the increase in w('iglit ol the h‘ad peroxide corresponds with the amount 
of nitrogen jiresimt Sulphur, when present, is divided between the 
vessels containing silver and the 1 (m(I jieroxide, and when associated m 
the original material with halogen and nitrogim must he separated 
therefrom in tlie two eases ITiis is eflectod thus the sulphur is 
present in the vessels containing 'silver as the sulphate and is separated 
from the halides by digestion of the silver with water, w'hereby the 
sulphate is dissolved, and may then be added to the sulphate in the 
supcroxide The halogmis are then extracted from the silver by means 
of potassium cyanide and deterinmed in the usual gravimetric manner 
after elimination of the cyanide by boiling with nitric acid For the 
determination of sulphur and lutiogeu m the lead peroxide, the residue 
After combustion is extractiul witli 33 per cent alcohol m which the 
sulphate is jirecijutated The alcoholic extract is made up to 100 c c. 
and an aliquot, portion thereof evapoiated to give the quantity of 
nitrate present 

In later modifications of the Deniistedt process it has been found 
advantageous to eliminate the silver vessels in all cases except those 
in which iodine is to be estimated Bromine and chlorine are .absorbed ' 
qmte conveniently by lead pcrojidc , iodine, however, is not retained. 

. Ill substances containing nitrogen, sulphur, chlorine, and bromine, the 
dead peroxide is extracted with sodium carbonate or bicarbonate solution 
(3-4 per cent) m the cold for twenty-four hours, or for several hours m a 
shaking machine The filtrate is then divided into aliquot' portions, 

, * J, Fharm Chtm., 184 !), 20, 59 * Zcxtach ami Uhm., 1866 , S, 169 , 
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which then separately analysed for sulphur, by precipitation as 
sulphate, and for halogens, by precipitation as the silver halide the 
nitrogen, if present, being obtainable by difference,* 

Halogen estjpiations in organic compounds.- -An elegant application 
of catalytic hydrogenation to the determination of halogens in organic 
compounds is of quite recent date. It was shown by Borsche and 
Heimburger^ that organic halogen compounds when heated with 
hydrogen in presence of the colloidal platinum metals were converted 
to the hydrogenated products with simultaneous liberation of the 
halogen acid. This reaction was applied by Busch and Stove ^ to the 
analytical estimation of halogens in such compounds, using palladium 
deposited on calcium carbonate as the catalytic agent. The liberated 
acid was neutralised as formed by alkali present in the aqueous or 
alcoholic solution of the compound. Solvents su«h as benzene and , 
acetone were found to inhibit the catalytic activity of the metal. The 
halogen, after liberation from the organic material, was estimated by 
simple titration. It was claimed that by the use of calcium carbonate 
as sftpport material for the catalytic agent recovery of the metal was 
facilitated, thus minimising expense. Subsequent researches, however, 
of C. Kelber ® showed that nickel could be used as an excellent substitute 
for platinum and palladium colloids as catalytic agent, thereby elimin- 
ating the factor of expense in the analytical method. It was shown 
that with a suitable shaking arrangement to ensure intimacy of contact 
between the hydrogen and the nickel suspension, the conversion to the 
hydrogenated product was rapid. Numerous examples were quoted, “ 
both in the papers of Busch and Stove and of Kelber, to show the 
accuracy of the process, and this is confirmed by a further report of 
Rosenmund and Zetsche ^ on nimi«;rous halogenated bodies inv^tigated 
prior to 1914. 

The Kjeldahl process for estimating nitrogen. - This process for esti- 
mating nitrogen in organic compounds by conversion of the nitrogen 
content into ammonium sulphate by digestion of the compound with 
concentrated sulphuric acid is normally operated with the assistance of a 
catalytic agent. As operated by Dyer,^ the addition of a globule of 
iriercury to the sulphuric acid is recommended. The mercuric sulphate 
thus produced acts as a promoter of the oxidation process, hastening 
the production of the clear, colourless liquid which must be obtained 
before estimation of the ammonia produced. 

; The Kjeldahl method is not applicable to a considerable number of 
organic compounds containing nitrogen, principally the nitro-derivative^' 
and compounds having nitrogen in a ring system, as, for example, 
vp^idine derivatives. " In such cases effort has been made to render the 
^’process appUcable by addition of such derivatives as the carbohydrates, 

, 1916, 48, 452, 850. * lhid„ 1910, 49, 100.3. 

. , , ' ^ Ber., 1917, 60 , 306. . * Ibid., 1918, 61 , 678. 

‘ » J. Chem. 8oc., 1895, 67, 811. , 
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stigarg, and phenols, or by variation of the oxidising agent In the 
latter connection, potassium permanganate, manganese dioxide, copper 
sulphate, phosphorip anhydride, disodium phosphate, platmic chloride,* 
and magnesia have all been suggested as catalytic agents 

The identification and estimation o! organic compounds— The 
analytical operations which are involved in determining the identity 
and composition of organic compounds are in very great measure the 
application of catalytic processes The primary operation m organic 
analysis is, naturally, the preparation of the substance under investi- 
gation in the highest possible degree of purity Following this operation 
there arises its assignment to a definite class of comjiound, and, at this 
stage of the problem, processes of resolution into simpler or more 
readily identified products largely arise Hydrolysis therefore plays a 
^ large part in such, oiierations and the aid of catalytic agents is usual, 
Further, certain catalytic reactions are characteristic to definite classes 
of organic compounds and may be utilised in the process of identification, 
whilst in the determination of the individuality of a member of a given 
class catalytic reactions may also frequently be invoked By a reference 
to the mam classes of organic compounds concerned, these generalised 
remarks may be illustrated 

Alcohols.- Of catalytic operations in the identification of alcohols, 
esterification processes rank high m importanci' 

Stephan^ pioposed the use of phthalic anhydride as a suitable 
acidic agent for the esterification pioeess of identification and as a 
means of distinction betwe('n piimary, si'condary, and tertiary alcohols 
Stephan found that jirimary alcohols ri'acted (|uan1 datively to form the 
acid ester on being heated with the anhydride for an hour m a suitable 
solvent such as benzene, whereas secondary alcohols react with difficulty 
and tertiary alcohols not at all under the given conditions Following 
the investigations of Menschutkin and others (Chapter XII ), the 
velocity of esterification with a given alcohol iiiuh'r given conditions is 
applicable for purposes of identification 

Hell’s method * for identification of prini.iry alcohols of high 
molecular weight is, in reality, the dehydrogenation of an alcohol with 
simultaneous jiroduction of an acid Soda-hme is the particular agent 
employed, though doubtless other catalytic agents could be used The 
reaction occurring may be lepresenb'd by the (Hpiatioii 

R CHg OIl+KOH-R C()()K-i2H2 

In the process the possibility of further decomposition of the acid, 
according to the equation c 

R COOK + KO‘H=R H + K^COj, 

must be observed Especially with lower primary alcohols is this 

* 

' J pr Chm , 1899 (ii.), 00, 248 ^ Ann. Chxm , 1884, 223, 269. 
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reaction predominant. According to Bancroft ^ the dehydrogenation 
process takes place in several stages, reprcsentablef by the equation 
CHg . CH2 . OH + NaOH - CH3 . CHO + NaOH + HgQ* 

= CH^ . CO + NaOH + 2112 = CiH^ . COONa + 2H2. 
The caustic soda is the catalytic agent, the limp being practically 
inert at the temperatures of operation. 

In the oxidation of alcohols the use of catalytic agents is possible, 
and the variation in the reaction products, aldehyde and acid from 
primary alcohols, ketones from secondary alcohols and ketones, and 
acids of lower carbon atom content from the tertiary alcohols, serves to 
indicate the type of alcohol und(‘r study. 

The tendency of the tertiary alcohols to form ethylenic hydrocarbons 
permits of the application of tin* reaction of Deniges,- whereby, on 
heating a few drops of the alcohol with a solution of mercuric oxide in 
dilute sulphuric acid, a yellow or red preci})itat<‘ of the characteristic 
compounds 

K" = o/ ‘Nso, 

is obtained. 

Eor the phenols, the (‘oloration test with ferric chloride is the most 
general method of identification, and conscipiently catalytic', operations 
are but little employed. It may be observed, however, that in acid 
esterification processes the phenols, in genc'ral, do not yield esters 
except in those cases in which, owing to substitution in the ring, the 
hydroxyl group is rendered strongly negative. 

Acids. — As with alcohols, esterification is largely einjdoyed in the 
identification of organic acids, and the general methods of catalytic 
acceleration as outlined in a preceding chapter are a})})licable. The 
velocity of esterification may be utilised to differentiate? between primary, 
secondary, and tertiary acids, in which ease the data compiled by 
Menschutkin and others on constitution iiiHuences in esterification arc 
employed. In general the esterification mcd-hod of Fischer and Speier ® 
is adopted for purposes of identification. 

Anhydrides and lactones. - Processes of hydrolysis with subsequent 
identification of the acids jnoduced are employed in the analysis of 
anhydrides and lactones. The earlier discussion of these reactions 
outlines the catalytic principles involved and the agencies employed 
for promotion of the reaction. 

The carbonyl grouping.-- In the identification of ketones, aldehydes, 
sugars, and other organic compounds containing the characteristic 
carbonyl grouping, 


. * Comid. rmd., 18!)8, 126, 1277. 

*895, 28. 1150, 3252. 


^ J, Physical Chm., 1917. 21, 594., 
® Ber., 
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the possibility ol applying catalysis is most marked Fischer’s method ^ 
of identification of the carbonyl grouping by conversion- to the phenyl- 
hydrazine derivatit'es is markedly influenced by catalytic agents both ‘ 
positive and negative. Ordmanly, the reaction is carried out by 
warming the substance with phenylhydrazihe hydrochloride in weak 
acetic , acid solution, but Schottle ^ has directed attention to the 
inhibitory effect of small amounts of this acid as well as of the free 
'mineral acids such as hydrochloric, sulphuric, and especially nitrous 
acid The reaction, however, occurs much more rapidly in pure acetic 
acid than m water, and in this solvent proceeds even at the ordinary 
temperature ® The insolubility of the hydrazoiies in acetic, acid 
, may account for this observation In researches on the catalytic 
activity of zmc chloride, Keddellen^ has observed the accelerating 
action of this compound, in the form of a plicnyl hydrazine complex 
{CjH 5 . NH NH 2 ) 2 ZnCl 2 , on the Fischer reaction for ketones 

The corresponding reaction of the carbonyl grouping with hydroxyl- 
amine,® whereby aldoximes and ketoximes are produced, is similarly 
retarded, according to Schottle,® by the presence of mineral a6ids 
Caustic potash and soda, on the other hand, act as accelerators 

The catalytic features of the aldol condensation as applied to the 
identification of aldehydes has been previously considered (p 405) 

Oxidation and reduction of the carbonyl grouping with subsequent 
identification of the resulting products may also be employed in the 
determination of aldehydes and ketones, with simultaneous application 
of catalytic methods 

The use of alkali in promoting the iodoform reaction for acetone is 
a specific example of catalysis in organo-analytical practice, applicable 
both qualitatively and quantitatively ® 

Carbohydrates and sugars.— The reaction of the sugars with phenyl- 
hydrazine to yield hydrazone and osazone is due to Fischer,® and was 
used by him in the identification and elucidation of the various possible 
isomers 

Maquenne proposed to utilise the yield of the reaction to yield 
osazone, under definite conditions of concentration, temperature, and 
time, as a method of* identification of the various sugars Under the , 
prescribed conditions it was found that the yield of hydrazone from 
1 grm. of sugar was greatest in the case of sorbose and least with 
lactose and maltose 

The Tollens reaction is principally employed m the identification of y 

1 fier , 1883, 16, 661, 2241 , 1884, 17, 672 
> 2 J. d pkysfk-chm , Gei , 1911, 43, 1166. 

^ Oyerton, Ber., 1893, 26, 20 
. * .4?iJi Vhm , 1912, 388, 16.') 

^ Meyer and Janny, Btr., 1882, 15, 1324, 1526, 2778 , 1883, 16. 170. 

* Loc at ’ Auwers, Ber , 1889, ^2, 009 

; , 8 Lieben, Ann Chm , 1870, 7, 230. \Ber , 1884, 17, 679 . 1887, 20, 833. 

»« C’ompl. rend,, 1891, 112, 799, ' 
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p6iito8e8. .This reaction is baaed upon two separate processes (a) the 
conversion, under the influence of acids, of pentoses into furfurol, 



. CH-CH . OH ' 


HoC 


CH., 


strong aci<lfl 
^ 


HC— -OH 

li li, 

HC C.CHO; 


OH OH 0 

Pentose. I-’urfurol. 


(6) the condensation of the furfurol thus formed with a suitable reagent, 
as, for example, phloroglucinol or orcinol, to yield a pliaracteristically 
colour^ condensation product. 


/OH 


/0C,H.,0 


CeH3(-OH + C^HA - ^OH 

\OH \OH 

Pliloroglucinol f fuifurol — furfiirnl pliloroglitcidc ! water. 


As catalytic agent for both hydrolytic split and subsequent condensa- 
tion, strong hydrochloric acid is usually employed. With phloro- 
glucinol a cherry-red coloration is given, which subsequently changes 
to a dark-coloured precipitate of the phloroglucide. With orcinol a 
colour change from red, through violet, to a final blue-green is obtained, 
followed by separation of a blue green preei])itate. Tlic method has 
been employed by Tollens, Krbber, and Rirnhach ^ for the quantitative 
estimation of pentoses. 

The identification of polysaccharides is conducted by means of 
hydrolysis, using accelerating agents, chii'Hy mineral acids, with 
identification of the products of the hydrolytic .split. 

Amines, amides, nitriles, diazo-, and nitro-compounds.-^Tn the 
identification and estimation of amines, catalytic methods are not 
normally employed. 

For the qualitative and quantitative estimation of amides and 
nitriles, hydrolysis of the substance, followed by estimation of the 
ammonia formed or of the acid produced, is the usual method of pro- 
cedure. Ordinarily, liydrochloric acid is employed as hydrolytic agent. 
For difficultly hydrolysable nitriles, Sudborough recommends the con- 
version of the nitrile to acid amide by digestion with 90 per cent sul- 
phuric acid, followed by conversion to the carbo.vyl derivative by treat- 
nient with nitrous acid. The same treatment is applicable to acid 
amides. Hydrolysis may also be effected in alkaline solution, in which 
case, how ever, precautions must be taken to collect the ammonia evolved. 

In the estimation of the diazo-compounds, the use of dilute acids 
as agents for the liberation of nitrogen is utilised for the aliphatic 
compounds. The observations made previously as to this reaction 
apply also to the quantitative estimation, in which, normally, dilute 

^ Zeilsch. angew. Chm., 1902, 15, 477. 
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CH 


sulphuric acid is the reagent used. With the aromatic diazo-group, a 
40 per cent sulphuric acid is employed to decompose the compound, 
the nitrogen Irom’which may be collected in a Lunge nitrometer. 

The nitro-compounds are identified by reduction to the correspond- 
ing amine, in which process the possibility ot utilising accelerating 
agents has already, frequently been emphasised 

Halogen derivatives. — The catalytic process outlined in the section 
on elementary analysis was originally employed as a method of identifi- 
cation of halogt n-substituted organic compounds, and, by the later 
investigations, was shown to be quantitatively applicable 

Esters and glucosides.— Hydrolysis of these comjiounds with sub- 
sequent identification of the products is the normal course of pro- 
cedure Both acid and alkaline hydrolysis is utilised, according to 
desire, the princijiles involved in both being fully set forth in the 
chajiter dealing with hydrolysis 

The protems. — The reseaiches of Emil Eiselier on the constitution 
of the proteins arc admirable illustrations of the application of catalysis 
in organic investigation Fiscliei showed that, on hydrolysis, the 
proteins yielded a large number of amiiio-acids, the individual protems 
differing from one another m lesfieet of the numhiT and quantities of 
the acids obtained by the hydrolytic [iroeess, using strong acids as 
accelerating agent Both monobasic and dibasic amiiio-acids, as well 
as diainmo-acids, havi' thus been isolated from the products of hydro- 
lysis, and, from a givim protein, as much as 70 per cent ot the theoretical 
yield has been obtained, m the form of ditii'rent ammo-acids, thus 
showing that the protein nioh'ciiles consist essentially of conjugations 
of a large number of ammo-aeids, sehematually repiesentable by the 
formula 

COOH R CH Nil -CO R, OH NH ('() R,0H NH CO . 

NH CO.H, CH NHa 

The apjiroximately quantitative method of estimation of the 
hydrolysis products may be outlined The piotem is hydrolysed by 
means of sulphuric or hydrochloric acid, generally the latter, m the 
form of acid of sp gr M9 The progress of the hydrolysis is followed 
by means of the biuret test for protein, tin' production of a reddish- 
violet to blue coloration m presence of very dilute copper sulphate 
solution, and sodium hydroxide After completion of hydrolysis the 
mixture is concentrated in a vacuum and saturated with hydrogen 
chloride, whence, on standing, the hydrochloride of glutamic acid 
separates out The succeeding operation is the esterification of the 
monoamiiio-acids m alcoholic' solution of hydrogen chloride, several 
successive operations being necessary in order to overcome the hydro- 
lytic eSect of the water jiroduced m the esterification process The 
subsequent operations consist m the liberation of the free esters from 
their hydroclilorides and in the separation by fractional distillation, m 
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a vacuum, of the amino-acids into various groups arranged in order of 
their volatility. To get more effective separation the process involves 
hydrolysis of the esters and a laborious process of fractional crystallisa- 
tion of the amint-acids. 

Physico-chemical measurements of catalysis in analytical chemistry, 

—To the reader who has perused the preceding cha*litcrs it must have 
been evident that a considerable number of the reactions therein dis- 
cussed are readily applicable to the processes of analytical chemistry. 
Especially in those branches of analysis in which equilibria are present 
arc the normal analytical operations inapplicable, since in the majority 
of cases these latter are conducted with displacement of the equilibria 
prevailing. For example, it is obvious that the onlinary anal}dical 
processes are frequently not a[)}dieable to the det(!rminatioii of the 
concentrations of hydrolytic products of a giveti substance in a solution, 
since they often consist in methods of precipitation, or, in general, of 
• removal of components of tin* system from the sphere of n'action, which 
obviqusly results in displacement of the prevailing (*quilibriiim. In 
cases such as these the application of j)hysico-chemical methods are 
invaluable, as may be illustrated by the use made of them by Bredig 
and by Walker and his co-workers in the examples previously cited in 
the section on diazoacetic ester decomposition (Chapter XL), Also it 
is evident that physico-chemical methods are also widely ajiplicable to a 
variety of determinations of organic substances, in which lh(‘ complexity 
of the materials is a distinct difficulty in the way of ordinary analytical 
operations, but with which, by a study of tlu'ir various reactions, in 
many of which catalytic change is involved, physico-chemical im'.asure- 
ment becomes in the most marke.d degree a useful method of analysis. 

The field of reactions involved in a discussion of such measurenients 
extends into both sections of chemical analysis, inorganic and organic. 
It is preferable, therefore, in order to summarise the various applica- 
tions of this type, to ado))t a classification based upon the agent which is 
active in the promotion of the catalytic change, to group them therefofe 
according to the part jilayed by hydrogen or hydroxyl ion, water, 
neutral salt, or gas in promoting the reaction under consideration. In 
such a way the field of study may be more succinctly covered. 

Water. — The role of water in various oxidation processes has long 
been a matter of note, Bergrnann’s obscrvatioiLs that phosphorus 
oxidises more slowly in dry air than in moist is but one of many early 
observations of the action of water graphically emphasised by Mrs. 
Fulhame in her “ Essay on Combustion ”, London, 1794. The views 
of Mrs. Fulhame on the intervention of water in the oxidation of carbon 
monoxide were revived by the communication of Dixon to the British 
Association in 1880, to the effect that the union of carbon monoxide 
and oxygen only occurred in the presence of water vapour. Baker ^ 
extended the observations on the accelerating action of water vapour 
1 J. Chetn. Soc., 1894, 65, 611. 
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to the oombination of ammonia and hydrogen chloride, as well as to the 
dissociation of tl^e corresponding ammonium salt, to the combination 
of sulphur trioxido and lime, and to the reaction between illuminated 
hydrogen and chlorine. Further bibliography on ‘the influence of 
moisture on chemical change has also been compiled by Mellor and 
RusselP more recently still, and in a more quantitative manner by 
Tramm ^ It is evident, however, that such positive catalytic influences 
of water vapour arc but little applicable to the purposes of analytical 
work On the other hand, m a number of reactions in which water 
functions as an inhibitor, analytical applications are possible 

In a preceding chapter, m the discussion of esterification processes, 
it was pointed out that the presence of small quantities of water exhibit 
eiftraordinary inhibitory effects on ithe velocity of esterification in 
alcoholic solutionu Tins observation furnished Goldschmidt with a 
method for the determination of small amounts of water m alcohol,® 
consisting in the determination of the velocity of esterification of a 0-1 
normal solution of phenylaeetic acid in solution in the given example of 
alcohol, using hydrogen chloride of concentration 0 1 normal as catalytic 
agent By comparison of the reaction corustant obtained with the 
alcohol under investigation with the values yielded by alcohol containing 
definite known amounts of water, the aqueous content of the alcohol 
sample could readily he deduced A .similar application of the principle 
to methyl alcohol is due to Gyr,^ who employed the same concentra- 
tions of ostenfiahle and catalytic m id as were used by Goldschmidt 
A corresponding application of reaction velocity measurements 
with the analytical determination of water concentrations in alcohols 
was furnished by the observations of Bredig and Fraenkel® on the 
inhibitory action of water on the catalytic decomposition of diazoacetio 
ester in alcoholic solutions by aid of acids It was shown that the 
reaction constant in presence of 0-00909 normal jncnc acid was as much 
as 11' = 0-0524 m ethyl alcohol dried over calcium, whereas with alcohol 
containing 0-18 per cent of water the constant had sunk to 0-0401 
The observations of Bredig and Fraenkel were subsequently extended 
by Millar, to whom is due the following table of reaction constants m 
ethyl alcohol, dehydrated by distillation three times from metallic 
calcium, m presence of varying concentrations of water, employing 


0 00909 normal picric acid as catalysing acid. 


Water Coiieentra- 
tlon in firm -mol 

k. 

Water Concentra- 
tion ill Qrin -inola 

k 

per Litre. 

000 

00570 

lior Litre 

064 

. 00J76 

0 02 

0 0534 

128 

0 0116 

' 004 

0 0467 

2 66 

0 00646 

0 08 

0 0424 ' 

612 

0 00436 

0-16 

. 0 0334 j 

10 24 

0-00491 

0 32 

0 0256 1 

15-24 

0 00760 


1 J. Chem Soc , 1902, 81 . 1272 * ZeUsch. physilal Ckm , 1923, 105, 366. 

^ Uolddchmidl, with Sundo, Bn, 1906, 39, 711, with Udhy, Zalsch physical Chm„ 
1907, 60 , 728. * Ber , 1908, 41 , 4308 , ® /hi, ,1906, 39 , 1766 
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The table demonstrates that the reaction velocity passes through a 
minimum with large concentrations of water, so ’that the method of 
estimation is only applicable to small concentratipns, the disturbing 
effect of the corresponding reaction in aqueous solutions making itself 
felt at higher concentrations. Millar showed that the retarding action 
' of water increased with increasing complexity of >the alcohol ; thus 
with methyl, ethyl, and isobutyl alcohols the retardation by 0-32 mol. 
of water per litre is in the ratio 37 : 55 : 72 per cent. 

A further observation of the inhibitory action of water is also due 
to Bredig, who, in co-operation with Lichty,^ demonstrated that the 
decomposition of oxalic acid in presence of concentrated sulphuric acid, 
according to the equation 

(COOH)j = (U + H./), 

is retarded by the presence of water. It was shown that the influence 



of traces of water was so great that it was possible to determine, by*’ 
means of reaction velocity experiments, concentrations of water which 
could not be detected by the ordinary analytical methods, or even by 
determination of the electrical conductivity. Thus the time required 
to decompose a given quantity of oxalic acid at 25 rose from fifteen 
minutes in 100 per cent sulphuric acid to two hundred and eighty- 
five 'minutes when 0-1 per cent of water was present. With larger , 
concentrations of water the rate of reaction became so slow that it was 
necessary to carry out the investigations at still higher temperatures. 
It was then found that at 45° the concentration interval of 0-1-0-6 per 
cent of water could readily be investigated. Higher concentrations 
of water were investigated at a temperature of 70°. The accompanying 
diagrams {Fig. 27) illustrate the retarding influence of the water in such 

• 1 Zeitsch. Ekklrochem., 1906 , 12 , 460 ; J. Physical Chem., 1907 , 11 , 22 , 5 . 
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circumstances It must be observed that the presence of sulphates in 
the acid is not perihissiblc, since they also exert an inhibitory action 
upon the velocity gf reaction 

Hydrogen ion.— Physico-chemical measurement gf hydrogen-ion 
catalytic activity is mainly confined, in analytical chemistry, to four 
reactions the inv«r8ion of sugar, the velocity of esterification, the rate 
of ester hydrolysis, and the decomposition of di azo-esters Of all these 
reactions, the theoretical aspects have previously been discussed Their 
apphcations to problems of analysis remain to be mentioned 

Naturally, use may be made of any of these reactions for the deter- 
mination of hydrog(*n-ion concentration Thus, Walker utilised the 
measurement of the rate of hydrolysis of esters^ to measure the 
hydrolysis of salts yielding acidic ])roduct8 of hydrolysis, and Walker 
and Aston ^ iitihsfd the inversion of cane sugar to the same end 
Walker and Wood* emplovod both these reactions to determine the 
hydrolysis of urea hydrochloride Walker and Ciirnmmg applied the 
diazo-ester decomjnisition to the giunual probhun of the acid concen- 
trations of amphoteric electrolyti'S, whilst Spitalsky investigated, in 
the same manner, the liydrolysis of [totassium (lichromate * The 
operations are also applicable to biological investigations, as illustrated 
by the determination by Labordi' of th(‘ acidity of the gastric juice by 
measurement of the rate of inversion of cane sugar Hofirnann^ 
elaborated the method of estimation, using the inversion of cane sugar 
and the hydrolysis of methyl acetate 

As emphasised m tlu‘ section on identification of organic compounds, 
determination of reaction velocity m presence of definite hydrogen-ion 
concentrations may also be utilised for the analysis of acids and 
alcohols, as well as of caters 

In regard to all such measurements, however, a word of warning is 
necessary The modifications of reaction velocity brought about by 
the presence of neutral salts, colloidal material, and the like, limit, 
strictly, the applicability of this nu'thod of analytical investigation 

Measurement of the polarisation of sugar solutions before and after 
inversion by acids is a method for determination of sugar concentrations 
With cane sugar jiri'sent alone, the operation is simple, as was demon- 
strated by Clerget * The operation has been applied to the determina- 
tion of added cane sugar in wine and in condensed milk m the latter 
case even m jiresence of milk sugar, since, with a 0 3 per cent hydro- 
chloric acid solution, which is sufficient for the inversion of the cane 
sugar, the milk sugar is not attacked Polarimctric measurement, 

* Zeitsch physikal Chem , 1889, 4, 319, 

» V Amer Vhm See, 1895, 17 , 576 , 1897, 18 . 120, 693. 

» J Chem Soc , 190.3, 83 , 484 * Zetlxh phijstkal Chem , 1907, 57 , 578 

* Zeitsch anorg Chem, l')07, 54, 265 * Qai mid, Paris, 1874, 9 

’ Zentralbl klin Medmn, 1889, 10 , 703, 1891, 11 , 521 , Zeitsch, anal Chem Ref, 1891, 
30 392 » Ann Chim Phyi , 1849 (in ), 28 , 175 
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before And after inversion, is also employed in determination of mixtures 
of laffinose and cane sugar, the former of which is inverted about 20 per 
cent leSs rapidly than the latter. The raffinose on* inversion yields a 
mixture of the^ three sugars, glucose, fructose, and galactose, which 
mixture has, therefore, a greater dextrorotatory power tlian ordinary 
invert-sugar. ^ 

Hydroxyl 4ons. — ^Of reactions adapted to the determination of 
hydrpxyl-ion concentration, those based on the catalytic iuiluence of 
alkalis on change of optical rotation are, from the Ifistorical point of • 
view, the first to be discussed. Urech ^ showed the dependence, on 
the strength and concentration of various base.s, of *tlio mutarotation 
of milk> sugar, but the operation of a catalytic influence in this case 
was first pointed out by Ostwald. Consequently, Bredig'*^ cites the 
investigation of Will and Bredig*’ on the action of bases on optical 
rotatory power in the conversion of hyoscy amine to atropine as the 
first example of hydroxyl-ion catalysis, with which, mori'over, the ion 
concentration may conveniently be measured, as well as by means of 
the Corresponding racemisation of •scopolamine.'* The reaction occur- 
ring is unimolecular and proportional to the hydroxyl-ion concentra- 
tion, the bases being active in the order of their electrical conductivity. 
Instances of such measurements could be multiplied, and include the 
racemisation of tartaric acid,^ of cotarnine by Dobbie, Lauder, and 
Tinckler,® of araygdalin’ and of mandelic acid by M‘Kenzie and 
Thompson.® According to researches of Trey ^ and Osaka tiie most 
accurate method of measuring hydroxyl-ion concentration is in the 
change of optical rotation of d-glucosc. 

The utility of alkalis in promoting tin; aldol condensation, as out- 
lined in the chapter on organic synthesis, is also illustrated in the 
investigations of Koelichen,** who showed that the condensation of 
acetone to diacetone alcohol, 

2CH3 . CO . CH3 - --> CH3 . CO . CH2 . C(OH) . (CHa)^, 

as well as the decomposition of the latter, was promoted by the addition 
of alkali, and that, as proportionality existed between hydroxyl-iofi 
concentrations and reaction velocity, the change could be employed as 
a measure of the ionic concentration. The volume change accompany- 
ing the reaction was used to determine the reaction velocity, the system 
under investigation being contained in a dilatomcter. The reversibility 
of the process was particularly well investigated, it being demonstrated 

' ^ Ber., 188l>, 15, 2130 ; 1883, 16, 2270 ; 1885, 18, 3069. 

* Alteg u, Neucs von det Catalyse ”, Biochern. Zeilsch., 1907, 6, 283. 

» Ser., 1888, 21 , 2777. '■ ^ Herz, Zenlr., 1911, 15, 67. 

* Holl^an and Boesekon, J?ec. Paye-Bas, 1897, 17, 06 ; Winthor, ZeiUch. phymkaL Chem. 
1906, 66, 465, 719. 

« Chtm. 5oc., 1903, 83, 472 1904, 85, 121. 

’ Waller, ihid., 1903, 83, 472. , » Ih\d., 1905. 87, 1019. 

® Zeitsch. physikal. Chem., 1895, 18, 193 ; 1897, 22, 424. 

I'® 1900, 35, 661. Ibid., 1900, 33, 149, 
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that the et^uihbrium position was unchanged by the presence of tlj, 
catalyst, and independent of its nature 

In the sapomfication of esters, also, a convenient method ol 
determining hydroxyl-ion concentration is evidently available 

A recently investigated example of catalytic activity of hydrox}! 
ions IS the dcconjposition of iiitrosotriaoetonaminc, by alkalis, into 
phorone and nitrogen, as represented by the equation 

Gil , 0(0113)2 

00( ‘ ^N NO=CO( H-N^-fH^O. 

(1(0113)2 ' C(CH 3)2 

It was shown by Francis and Olibbens,^ and by Francis and Goake,^ 



Fio 28 


that the uminolecular reaction, occurring m presence of alkalis, was 
available for the estimation of the concentration of the hydroxyl ions 
up to the value 0 05 noimal Beyond this concentration and as far 
as 0*3 N/liydroxyl ion the nmmolecular constants showed a dnft, 
rendering the method mapjjlicafilc for determination of 1011 concentra- 
tion in tins interval, above which, however, results were again obtained 
from which ion concentration could be deduced The accompanying 
diagrams (Figs 28 and 29) ifliistrate the results obtained The re- 
action was very conveniently lUvestigati'd, in the maimer employed 
in the studies of acid catalysis m the diazoacetic ester decomposition, 
by observation of the nitrogen evolved 


J Ghem. Soc , 11112 , 101 , 2258 


^ llnd , 1913 , 103 , 1722 
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The effeht of neutral salts on the velocity constant of tlie decom- 




ions are small ^ is shown in the accompanying diagram (Fig. 30)* where 
the percentage retardations are plotted against the concentration of 

1 J. Chail. Soc., IIU5. 107, 1651 

2k2 
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CII. 


the neutral salts used. It follows, therefore, -that when 'this method 
for the determination of alkalinity is used, due allowance must be made 
in the value of the^ velocity constant found if neutral salts be present, 
and the method may thus lose some of its convenience as a method of 
estimation 

The method has also been applied to a number of other mtroso- 
amincs with similarfrcsults, typical examples of which are included in 
the plot of results given in Fig 31 



Salts as catalytic agents.— The anions of a number of salts liavc 
been shown to function catalytically, and in illustration thereof the 
researches of Bredig and Walton ^ on the activity of iodides in the 
decomposition of hydrogen peroxide, and of Bredig and Stern ^ on the 
influence of cyanides in the condensation of benzaldehyde to benzoin, 
may be cited 

Walton showed that the decomposition of the peroxide in presence 
of potassium, sodium, and ammonium iodides was a reaction of the 
first order, the velocity of which was proportional to the concentration 
of iodide 1011 With cadmium iodide, which, as is well known, forms 
a complex anion, the ratio of, reaction velocity to concentration of 
iodide was considerably reduced . Also, the formation of anion com- 
plexes with potassium iodide, as, for example, by addition of iodine 
or mercuric iodide, similarly resulted in a diminution of reaction velocity 


ZettKh phtjarM Chem , 1S04, 47, 185 


Ibtd, 1!H),5, 50 , 5J3 
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In tlie cyanide reaction Stern sliowed that tlie rt'action velocity 
was tije same in equal cyanide-ion concentrations, whcthor'froni sodium, 
potassium, or barium cyanides, completely analogous, therefore, to the 
behaviour of the hydroxides in the saponification of esters. Complex 
cyanide fo/ma!ion also lowered the reaction velocity, confirming, there- 
fore, the view of anion activity. 
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Polar suitiiK's, 51 
PolyinciiMtioii, 4()1^ 

Potassium aisuiitc, 155 
Piccious metals, 26.5 
Preferential i omlmsti.m, 3, 103, 127, 
470, 471 

Primaiy .ulsorplKin 72, 1 16 
Progressive |toisoMiiig, 1,15 
Promotms, 98, 16(, 1 16, 125 
ProtHllimu and, 124 
Pioletleil ealdlysts. 124 
ProkitiN 492 

Psoiido iinimole(.uUi k actions, 87 
Pulsating action, .190, 435 

Quinine, 45() 

Racomisation, 413 
Eadiation, 28 

Radioactive tidiislormations, 464 
Rate of ad.soiiihon, 139 
Eeactioii cli.miN, 37 
Reduction of osules, 1 1 1 
processes, 428. tH2 
Ring stnu till e-, 277 292 
llublier, ‘llMi 
Rust 157 

Saponilication, .13 1 
Satunition ot suifaic'', t)7 
Secondary adsoi ption, I lli 
Sflci tivo combustion, 112, 158 
bydrogetialioii, 279 
pioinotioii, 105 
SiciativcM 221 
Silent dischdige, 4(i 1 
Sihcagcl, 10. 121, 139 
Silicon tetnitluoiide, 157 
Silk, 154 
Silver, 1 19 
oxide, 109 

Smtrniig, 76, 107, 121 
Soa])s, 224, 2()9 

Sodiup sulphite, 13, 144, 1.53, 155 


Solutions, reaetipii^, 4b, 80 
Solvents, 20 
Soya liean oil,' 2TO ■ 

Space time yi^d, 92 
velocity, 

Spacing (jf 8u;faco8, 79, 120 , 

Stabihtybfltttennedifttc compounds, 4 
StannOOft «toride,*‘l66' , 

Statisttwl Hactor in (lfepo|atwn, 47 
Steam itpft process. 235^ 

,St»bmii^, 82 . - ytvf 

^giti!f(,*60,'86, aaO, 465, PC 
Sulphtii, 111, 189 
dioxide, 4, 127 / 

tiioxide, 86, 127 
Sulplniric aoid, 159 
Siilpburvl chloiide, 32 
S 11 p))orted catalysts. 119, 122 
Supui-clastic eollisioMS, .36 
Suibicc combustion, 195 
compounds, 7.S * 

energy, 5‘l 
I films, 60 

'rempei.itnre coen’n letits, 89, 140 
'rcTinotei iildi leac'tions, 2,5 
'I’ctiahn, 277 
Thcriiuonu eimssion, 79 
'Hk rniomctei s. 'Hi 

Thiols, 37<i 

Tiaiisitojy poisons, 178 
Triangb ben/<i.ite, 45 
Trichlorbioiiimethane, 448, 459 
Tiiethyl sulphino bfomide, 28, 45, 14 
' 148 

Turpentine, 222 

Ultra violet absori)tioR 9 |«ctra, 153 
Ummoleculdi leactiona^ ^ 

Uramurn oxide, 178 * , < 

tlrethanes, 130 ' 

“ Valency of surittefieeRip^m^i. 75, 81 
' .Vauswlium s^te. |,%-220 
;ye»oeity,9j,\e/sp;. 

‘ ' V 

Mi gas, 4^228 
vapour, p, 143, 152, 4')4 
Weldon prooesfi, 184 

\,-iayH, 464, 467 

Zero ordei leactioiis, 86 
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